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Preface 


The 20th century has witnessed an explosive growth in science and tech- 
nology—more scientists are alive today than have lived during the entire 
course of earlier human history. New inventions including spaceships, 
computer chips, lasers, and recombinant DNA have opened pathways 
to new fields such as space science, biotechnology; and nanotechnol- 
ogy. Modern seismographs and submarines have given earth and ocean 
scientists insights into the planet’s deepest and darkest secrets. Decades 
of weather science, aided by satellite observations and computer model- 
ing, now produce long-term, global forecasts with high probabilities 
(not certainties) of being correct. At the start of the century, science and 
technology had little impact on the daily lives of most people. This had 
changed radically by the year 2000. 

The purpose of Twentieth-Century Science, a new seven-volume set, 
is to provide students, teachers, and the general public with an accessible 
and highly readable source for understanding how science developed, 
decade-by-decade, during the century and hints about where it will go 
during the early decades of the 21st century. Just as an educated and well- 
informed person should have exposure to great literature, art, music, and 
an appreciation for history, business, and economics, so, too, should that 
person appreciate how science works and how it has become so much a 
part of our daily lives. 

Students are usually taught science from the perspective of what is cur- 
rently known. In one sense, this is quite understandable—there is a great 
deal of information to master. However, very often, a student (or teacher) 
may ask questions such as “How did they know that?” or “Why didn’t they 
know that?” This is where some historical perspective makes for fascinat- 
ing reading. It gives a feeling for the dynamic aspect of science. Some of 
what students are taught today will change in 20 years. It also provides a 
sense of humility as one sees how brilliantly scientists coped earlier in the 
century with less funding, cruder tools, and less sophisticated theories. 

Science is distinguished from other equally worthy and challenging 
human endeavors by its means of investigation—the Scientific Method— 
typically described as: 


a) observations 
b) hypothesis 
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c) experimentation with controls 
d) results, and 


e) conclusions concerning whether or not the results and data 
from the experiments invalidate or support the hypothesis. 


In practice, the scientific process is not quite so “linear.” Many related 
experiments may also be explored to test the hypothesis. Once a body of 
scientific evidence has been collected and checked, the scientist submits 
a paper, reporting the new work to a peer-reviewed journal. An impar- 
tial editor will send the work to at least two reviewers (“referees”) who 
are experts in that particular field, and they recommend to the editor 
whether the paper should be accepted, modified, or rejected. Since expert 
reviewers are sometimes the author’s competitors, high ethical standards 
and confidentiality must be the rule during the review process. 

If a hypothesis cannot be tested and potentially disproved by experi- 
ment or mathematical equations, it is not scientific. While, in principle, 
one experiment can invalidate a hypothesis, no number of validating 
experiments can absolutely prove a hypothesis to be “The Truth.” 
However, if repeated testing using varied and challenging experiments by 
diverse scientists continues to validate a hypothesis, it starts to assume the 
status of a widely accepted theory. The best friend a theory can have is an 
outstanding scientist who doubts it and subjects it to rigorous and honest 
testing. If it survives these challenges and makes a convert of the skeptical 
scientist, then the theory is strengthened significantly. Such testing also 
weeds out hypotheses and theories that are weak. Continued validation of 
an important theory may give it the stature of a law, even though it is still 
called a theory. Some theories when developed can revolutionize a field’s 
entire framework—these are considered to be “paradigms” (pronounced 
“paradimes”). Atomic theory is a paradigm. Advanced about 200 years 
ago, it is fundamental to understanding the nature of matter. Other such 
paradigms include evolution, the big bang theory, and the modern theory 
of plate tectonics (which explains the origin of mountains, volcanoes and 
earthquakes) quantum theory, and relativity. 

Science is a collective enterprise with the need for free exchange of 
information and cooperation. While it is true that scientists have strong 
competitive urges, the latter half of the 20th century has witnessed science 
becoming increasingly interdisciplinary. Ever more complex problems, with 
increasing uncertainty, are tackled and yet often elude precise solution. 

During the 20th century, science found cures for tuberculosis, and 
polio and yet fears of the “dark side” of science (for example, atomic 
weapons) began to mount. Skepticism over the benefits of science and its 
applications started to emerge in the latter part of the 20th century even 
as its daily and positive impact upon our lives increased. Many scientists 
were sensitive to these issues as well. After atomic bombs devastated 
Hiroshima and Nagasaki, some distinguished physicists moved into the 
life sciences, and others started a magazine, now nearly 60 years old, The 
Bulletin of the Atomic Scientists, dedicated to eliminating the nuclear threat 


and promoting peace. In 1975, shortly after molecular biologists devel- 
oped recombinant DNA, they held a conference at Asilomar, California, 
and imposed voluntary limits on certain experiments. They encouraged 
adoption of regulations in this revolutionary new field. We are in an era 
where there are repeated and forceful attempts to blur the boundar- 
ies between religious faith and science. One argument is that fairness 
demands equal time for all “theories” (scientific or not). In all times, but 
especially in these times, scientists must strive to communicate to the 
public what science is and how it works, what is good science, what is bad 
science, and what is not science. Only then can we educate future genera- 
tions of informed citizens and inspire the scientists of the future. 

The seven volumes of Twentieth-Century Science deal with the fol- 
lowing core areas of science: biology, chemistry, Earth science, marine 
science, physics, space and astronomy, and weather and climate. Each 
volume contains a glossary. The chapters within each volume contain the 
following elements: 


e background and perspective for the science it develops, 
decade-by-decade, as well insights about many of the major 
scientists contributing during each decade 


e black-and-white line drawings and photographs 


e a chronological time line of notable events during each 
decade 


e brief biographical sketches of pioneering individuals, 
including discussion of their impacts on science and the 
society at large 


e a list of accessible sources for Further Reading 


While all of the scientists profiled are distinguished, we do mot mean to 
imply that they are necessarily “the greatest scientists of the decade.” 
They have been chosen to represent the science of the decade because of 
their outstanding accomplishments. Some of these scientists were born 
to wealthy and distinguished families, while others were born to middle- 
and working-class families or into poverty. In a century marked by two 
World Wars, the cold war, countless other wars large and small, and 
unimaginable genocide, many scientists were forced to flee their coun- 
tries of birth. Fortunately, the century has also witnessed greater access to 
the scientific and engineering professions for women and people of color, 
and, with luck, all barriers will disappear during the 21st century. 

The authors of this set hope that readers appreciate the development 
of the sciences during the last century and the advancements occurring 
rapidly now in the 21st century. The history teaches new explorers of the 
world the benefits of making careful observations, of pursuing paths and 
ideas that others have neglected or have not ventured to tread, and of 
always questioning the world around them. Curiosity is one of our most 
fundamental human instincts. Science, whether done as a career or as a 
hobby, is after all, an intensely human endeavor. 
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Introduction 


The Nineteenth-Century Clockwork Universe 


In the mid-1890s, physicists—scientists who study matter and energy— 
looked ahead to the 20th century with justifiable pride. The more they 
had studied the universe in the 19th century, the more orderly they had 
found it to be. Its behavior was thoroughly predictable through natural 
laws that they expressed in the precise language of mathematics. Though 
there were still a few important questions to be answered, most physi- 
cists were confident that the 20th century would be devoted to refining 
theories and making the critical measurements needed to complete the 
tapestry of their science. 

They could not have been more wrong. Instead of tying up a few 
loose ends, physicists pulled on a few snags and watched the entire theo- 
retical fabric of physics unravel. It would take most of the new century 
to reweave it. The process would redefine almost everything people 
thought they understood about matter and energy, space and time, and 
waves and particles. To understand those astonishing changes in physics 
during the 20th century, one must first examine the remarkable accom- 
plishments of that science during the previous century, most notably in 
electromagnetism—including the electromagnetic nature of light—and 
the atomic theory of matter. 


The Atomic Theory of Matter 


In one sense, atomic theory was hardly new. The idea that matter is 
comprised of tiny, indivisible particles dated back more than 2,000 
years to the ancient Greek philosophers Democritus and Leucippus, 
but it had been largely forgotten until meteorologist John Dalton 
(1766-1844) tried to make sense of what chemists had discovered 
about gases. In 1810, he published a landmark book called A New 
System of Chemical Philosophy in which he proposed a new theory of 
matter. Dalton proposed that matter consists of elements that combine 
in particular ratios to form compounds. The basis for the specific ratios, 
Dalton theorized, is that each element consists of tiny indivisible par- 
ticles called atoms, and atoms combine to make molecules, the basic units 
of compounds. 
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Atomic theory quickly became the foundation of chemistry, and sci- 
entists regularly discovered new elements. They measured and cataloged 
each element’s properties, such as freezing and boiling temperatures and 
density (mass or weight per cubic centimeter). They studied the elements’ 
chemical behavior and deduced their atomic masses. As the number of 
known elements grew, scientists searched for a classification scheme—an 
arrangement of the elements so that those with similar chemical proper- 
ties would group together. 

In 1869, a Russian chemistry professor named Dmitry Mendeleyev 
(1834-1907) found that arrangement, a rows-and-columns grid that he 
called the periodic table of the elements. Beginning at the upper left with the 
lightest atom, hydrogen, he placed elements down the first column of his 
grid in the order of increasing atomic mass. Then he moved rightward 
from one column to the next, placing atoms with similar chemical prop- 
erties next to one another in rows. (Today’s periodic table, which appears 
in the Appendix, reverses the roles of rows and columns but otherwise 
follows Mendeleyev’s approach.) Occasionally, to match chemical prop- 
erties, he had to skip a space on the grid. He expected that those spaces 
would be filled later with undiscovered elements—and he was right. 
When those missing elements were found, their properties matched the 
predictions of the table. 

The periodic table was a great achievement, but important questions 
remained. What distinguishes atoms of one element from those of another, 
and how do those differences result in the regularity of the periodic table? 
Answering those questions would have to wait until the 20th century. 


Electromagnetism and Light 

The 19th century also produced considerable knowledge of electricity, 
magnetism, and light. As that century began, physicists viewed electricity 
and magnetism as separate phenomena, and they were trying to choose 
between two competing 17th-century ideas about the nature of light. 
Was light a wave, as Dutch scientist Christiaan Huygens (1629-95) had 
argued, or was it a stream of particles, as the great English physicist Sir 
Isaac Newton (1643-1727) believed? 

That question was settled quickly. In 1801, English scientist and 
researcher Thomas Young (1773-1829) performed an experiment that 
proved definitive. He split a beam of light in two and allowed both parts 
to illuminate a screen. Instead of seeing two bright regions as would have 
been expected from two streams of particles, he observed a phenomenon 
known as interference—a series of light and dark bands produced by over- 
lapping waves. 

Young’s experiment immediately raised a new question. Light waves 
travel from stars through the vacuum of space, so what carries the wave? 
Some physicists proposed that all space was filled with a fluid called the 
luminiferous ether. The ether waved as light passed through it, yet offered 


no mechanical resistance to moving bodies, like planets. That explanation 
did not satisfy all scientists since it required the existence of something 
that filled the universe but had no detectable mechanical properties—not 
even mass—but it was a starting point. 

In the 1820s and 1830s, a number of physicists, most notably the famed 
English researcher Michael Faraday (1791-1867), explored electricity, 
magnetism, and the relationships between them. They learned how to 
make an electromagnet and developed the first electric motors and gener- 
ators. They also discovered that electricity was the force that bound atoms 
together in compounds. Physicists began to use the term electromagnetism 
and looked for ways to describe electromagnetic forces mathematically, 
just as Newton had done for gravity about 150 years earlier. 

In 1859, a Scottish-born Cambridge University physics professor 
named James Clerk Maxwell (1831-79) developed a set of four math- 
ematical equations based on the discoveries of Faraday and others. 
One was a formula for the forces that act on electric charges, another 
described the forces that act on magnetic poles, and two described the 
interrelationships between electricity and magnetism. Unexpectedly, 
Maxwell’s equations also described waves of electromagnetic energy that 
could travel through empty space. The equations predicted the speed of 
those waves, which, remarkably, matched what other physicists had mea- 
sured as the speed of light. The conclusion seemed inescapable: Light 
was an electromagnetic wave, and Maxwell’s equations described the 
electrical and magnetic properties of the ether. 

With Maxwell’s equations and the periodic table, 19th-century physi- 
cists felt they were on the verge of a full understanding of nature. Every 
material object, no matter how large or small, is composed of indivisible 
atoms bound together by electric forces. On a larger scale, such as the solar 
system, gravitational attraction binds one body to another. In addition, the 
universe is awash in energy flowing as electromagnetic waves. Some great 
questions remained: Why do elements fit neatly into a periodic arrange- 
ment? What is the source of starlight? Are atoms and the ether real, and 
if so, how can they be detected? But overall, the universe seemed to be as 
predictable as clockwork and as orderly as a woven pattern, governed by 
precise mathematical laws of motion, gravitation, and electromagnetism. 


Reweaving the Fabric of Physics 
That precision and predictability turned out to be an illusion, and that is 
the major theme of the story of physics in the 20th century. A few seeming- 
ly loose ends turned out to be indicators of an unraveling fabric of ideas. 
As the next chapter describes, the new century’s first decade was 
marked by a series of remarkable discoveries. These included a reinterpre- 
tation of Newton’s laws and Maxwell’s equations in a way that eliminated 
the need for the ether. Mass and energy were shown to be different aspects 


XIX 


xx Twentieth-Century Science 


of the same physical phenomenon. Atoms were 
shown not only to exist, but also to be divisible. 
Remarkable experiments were about to reveal 
their internal structure. Likewise, the distinc- 
tion between waves and particles was no longer 
clear. In the second and third decades of the 
century, quantum physics further blurred that 
distinction. More surprising, it replaced the 
clockwork universe with uncertainty. 

It took the remainder of the century to 
weave a new pattern for the tapestry of phys- 
ics. Today, in the early years of the 21st cen- 
tury, the pattern seems much clearer—except, 
again, for a few loose ends. As the closing 
chapters of this book discuss, some physicists 
are brashly declaring that they are in search of 
“the theory of everything,” but the history of 
the century that just ended leaves them wary. 
They know there may be unseen universes 
hidden in the gaps of their knowledge. 





James Clerk Maxwell, who developed equations that described the 
relationships between electricity and magnetism and showed that 
light is an electromagnetic wave (AIP Emilio Segré Visual Archives) 


Physics and Conservation Laws 


How do physicists discover new perspectives? One 
of their most powerful guiding principles has been 
the realization that nature has certain conserva- 
tion laws that state that certain quantities remain 
unchanged (conserved) in an interaction or pro- 
cess. As later chapters will show, conservation laws 
proved to be remarkably fertile for 20th-century 
physicists. In the 19th century, the following con- 
servation laws proved useful: 


e Conservation of Momentum. The oldest con- 
servation law in physics results from two of 
Newton’s three laws of motion. The third 
law, commonly known as the law of action 
and reaction, states that forces always occur 
in equal and opposite pairs. Whenever one 
body exerts a force on another, then the sec- 
ond body exerts exactly the same amount of 
force on the first, but in the opposite direction. 
For instance, while the Earth’s gravitational 
attraction holds the Moon in its orbit, the 


Moon’s gravity pulls back on the Earth with 
equal intensity. Because the Earth is so much 
more massive than its satellite, the effect of 
the Moon’s gravity on Earth is not to create 
an orbit but rather a wobble, which is most 
notable in the ocean tides. 

Newton’s second law states that when a 
force acts on a body, it produces a change 
in a quantity called momentum, which is 
commonly expressed mathematically as the 
product of mass and velocity. The longer 
the force acts on a body, the greater the 
change in the body’s momentum. When 
two bodies exert equal and opposite forces 
on each other, they produce equal and 
opposite changes in momentum. Thus if no 
other forces are acting on them, the change 
in total momentum of the two bodies must 
be zero. Each body’s individual momentum 
changes, but no matter how strong the force 
is between them or how long it acts, the 


total momentum remains the same at all 
times—or as physicists say, momentum is 
conserved. 

e Conservation of Mass. Another of the great 
conservation laws deals with mass. Newton's 
first law of motion defines a quantity called 
inertia, or the tendency of a body to maintain 
its velocity unless a force acts on it. The mea- 
sure of inertia is what physicists call mass, 
which is usually thought of as the amount 
of substance the body has. (In everyday lan- 
guage, people often speak of how much an 
object weighs, not how massive it is. But it 
is better to use the term mass for this reason: 
Weight is the force that Earth’s gravity exerts 
on that object. On the Moon, it would weigh 
less, but its mass would be the same.) 
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One of the basic ideas behind the atomic 
theory of matter is that the total mass of the 
matter involved in a chemical reaction does 
not change. Atoms may rearrange, leading 
to different compounds, but the atoms them- 
selves remain the same. As the 19th century 
was ending, physicists believed that the law 
of conservation of mass was fundamental. 

e Conservation of Energy. Newton's laws of 
motion also lead to a quantity called energy, 
which can take two major forms called kinet- 
ic energy (energy of motion) and potential 
energy (energy of position). Both can result 
from a quantity called work, which is defined 
mathematically as the distance that a body 
moves multiplied by the force that acts in its 


direction of motion. : 
(continues 
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Newton’ second and third laws of motion lead to the conclusion that when two bodies interact, the momentum of each 
individual body may change but their total momentum does not. In this glancing collision of two balls of different masses, each 
changes direction and speed, but their total momentum remains the same. 
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(continued) 


Work can produce kinetic energy by mak- 
ing a body go faster, or it can produce poten- 
tial energy in many ways, for example by 
stretching or compressing a spring or lifting 
a mass. The spring has the potential to make 
an object move when it returns to its normal 
length. The mass can fall back down, gaining 
kinetic energy along the way. 

One of the great accomplishments of 
19th-century physics was recognizing the 
relationship between energy and heat and 
developing a new conservation law. When 
two bodies interact, their total momentum is 
conserved, but their total kinetic and poten- 
tial energy may change. For example, if two 
identical cars traveling at the same speed 
collide head-on, the resulting crumpled mass 
would immediately come to a dead stop. 
Before the collision, each car has the same 
amount of momentum, but in opposite direc- 
tions. Thus their total momentum is zero both 
before and after they collide. As expected, 
momentum is conserved. 

What about the energy? Unlike momen- 
tum, energy does not have a direction. The 
large amount of kinetic energy before the col- 
lision seems to be lost, and the crunched cars 
have no potential of springing apart on their 


own. But the collision generates a great deal 
of heat, which can be easily detected after the 
crash. By understanding heat as a measure 
of the total kinetic energy of the individual 
atoms in the car, it turns out that energy is 
conserved after all. 

The branch of physics known as thermo- 
dynamics describes the way heat and energy 
are related to temperature. Physicists speak 
of three laws of thermodynamics, the first 
of which is a conservation law. It states that 
when heat is included, energy, like momen- 
tum, is conserved when bodies interact with- 
out any outside influence. Thermodynamics 
is closely related to a mathematical branch of 
physics that was developing in the late 19th 
century called statistical mechanics. Statistical 
mechanics enabled physicists to look at heat 
on the atomic level. It defined temperature as 
a measure of the average kinetic energy of the 
atoms or molecules in matter, whether they 
are moving freely and colliding as in a gas or 
liquid, or vibrating back and forth in a solid. 

Statistical mechanics played an important 
role in the dramatic early discoveries of the 
first decade of the 20th century—including 
changes in physicists’ understanding of the 
laws of conservation of mass and energy. 


This book traces those remarkable developments of the 20th century 
decade by decade. Readers will see separate threads of physics develop- 
ing and coming together in surprising ways. They will experience, as 
20th-century physicists did, times of puzzlement, if not outright confu- 
sion. The feeling will probably be uncomfortable, but its solution lies in 
adopting a physicist’s way of approaching the universe: thinking in terms 
of unification, such as the way Maxwell’s equations combined electricity, 
magnetism, and light, or looking for conservation laws, as discussed in 
the sidebar on pages xx—xxii. Physicists always remain open to new per- 
spectives. They do not deny unexpected observations, but rather consider 
new ways to interpret them. They do not allow arbitrary human conven- 
tions to stand in the way of discovery. 

One such convention is the arbitrary division of history into centuries 
and decades. Because of that convention, this book and others in the 


‘Twentieth-Century Science set have chapters that match the century’s 
decades, starting with 1901-1910. But when important stories overlap 
those divisions, it is best to present some of the information in what 
might be considered the “wrong” chapter. That is certainly true in the 
first two chapters of this book. What is generally considered modern 
physics began in the second half of the 1890s, so chapter 1 opens then. 
Likewise, the early work leading to the discoveries of cosmic rays, the 
atomic nucleus, and the phenomenon of superconductivity all began before 
1911. But discussion of that research is postponed until chapter 2, when 
it reached fruition. 
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1901-1910: 
The Dawn of Modern Physics 


As noted at the end of the Introduction, discoveries in the first decade of 
the 20th century shook the foundations of physics. The great transforma- 
tions in that science resulted from the work of many innovative thinkers, 
but none had ideas that were more influential than those of a German- 
born Swiss patent clerk by the name of Albert Einstein (1879-1955). 
In 1905, he published three articles that changed the way physicists 
viewed space and time, matter and energy, and particles and waves. He 
reinterpreted both Newton’s laws and Maxwell’s equations in a way that 
eliminated the need for the ether. He showed that mass and energy are 
different aspects of the same physical phenomenon. He interpreted well- 
known experiments to demonstrate that atoms were real, not merely a 
useful concept for understanding chemistry. 

Great ideas do not spring from nothingness. The stage for the dis- 
coveries of the early 20th century was set in the mid-to-late 1890s, 
when physicists were investigating the relationship between electricity 
and matter. They knew that electricity existed as positive and negative 
charges and that it was like atoms—tiny, indivisible bits of charge of a 
certain size—not like a fluid that could be parceled out in any amount. 
Atoms could be electrically neutral, or they could exist as electrically 
charged ions. 

But what was electricity, and how was it related to matter? Research 
into cathode rays seemed most likely to produce insight into this question. 
Cathode rays were curious beams that occurred in sealed glass tubes 
from which most of the air had been removed. Inside the tubes were two 
electrodes—a negative cathode and a positive anode—with a large volt- 
age (electrical pressure) between them. When the cathode was heated, it 
emitted a beam that caused the remaining air around it to glow. If that 
beam struck the tube, the glass would also glow. 


Curious Findings 


On November 8, 1895, German physicist Wilhelm Röntgen (1845-1923) 
was studying cathode rays when he discovered an odd phenomenon. He 
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knew that cathode rays could cause a fluorescent glow, and so he had a 
fluorescent screen in his laboratory to study them. But this day, he was 
not using that screen. He had placed it far from the cathode-ray tube and 
covered it with black cardboard, but in the darkened laboratory, Röntgen 
noticed that it was glowing. What could be causing that? 

After a number of experiments, Röntgen discovered that cathode rays 
were causing an unknown form of radiation, which he called X-rays, to 
be emitted from the anode. X-rays could pass through certain types of 
matter—such as the glass of the cathode-ray tubes—but not others, and 
they would darken a photographic plate. (X-rays are now known to be a 
high-energy form of electromagnetic waves.) 

Early the next March, French physicist Henri Becquerel (1852-1908) 
discovered that a compound of uranium also produced radiation that 
darkened a photographic plate. At first, he thought that he had found 
another source of X-rays, but he soon discovered that “uranium rays” 
were a different phenomenon altogether. Becquerel’s discovery was 
soon called radioactivity, and other physicists and chemists quickly got 
into the act, including Polish-born chemist Marie Curie (1867-1934) 
in France and Gerhardt Schmidt in Germany. Working separately in 
1898, each of them discovered radioactivity in thorium. Later that year, 
Marie Curie and her husband, Pierre Curie (1859-1906), discovered 
two previously unknown radioactive elements, radium and polonium, 
in uranium ore. 
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Radioactivity also caught the attention of Joseph John (“J. J.”) 
Thomson (1856-1940), the director of the world-famous Cavendish 
Laboratory at Cambridge University in England. As soon as he heard 
about Becquerel’s discovery, he decided to investigate those mysteri- 
ous rays. He assigned the task to Ernest Rutherford (1871-1937), a 
dynamic young graduate student who had arrived from New Zealand 
the previous autumn. By 1898, Rutherford had discovered two distinct 
forms of radioactivity and named them after the first two letters of the 
Greek alphabet. Alpha rays could be stopped by just a few sheets of 
aluminum foil, but beta rays were much more penetrating. Both were 
charged particles—alphas carrying a positive charge and betas carrying 
a negative charge. 

Meanwhile Thomson was in the midst of his own carefully crafted 
experiments to determine whether cathode rays are a wave or particle 
phenomenon. In 1897, he announced his findings: Cathode rays are a 
stream of tiny particles that carry negative electric charge. He called the 
particles corpuscles, and he assumed that each corpuscle carried nature’s 
basic unit of electric charge. His measurements and that assumption led 
him to this astonishing conclusion about the particles’ size: A corpuscle’s 
mass was less than a thousandth of that of the hydrogen atom, the small- 
est atom on the periodic table. (Present-day measurements put that value 
at less than 1/1,800.) As scientists learned more about the behavior of 
these corpuscles in atoms, they became known as electrons. 
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Marie Curie, shown here with 
her husband, Pierre Curie, with 
whom she shared the 1903 
Nobel Prize in physics (AIP 
Emilio Segré Visual Archives) 





There were two possible explana- 
tions. Either his assumption about the 
corpuscle’s single unit of charge was 
wrong and it actually had more than 
1,000 units of negative electricity, or its 
mass was indeed very tiny. A charge of 
more than a 1,000 units did not make 
sense, so Thomson and other physicists 
concluded that corpuscles were particles 
much smaller than atoms. 

Mysterious rays and subatomic par- 
ticles were not the only surprises in 
physics as the 19th century drew to 
a close. In 1900, the familiar glow of 
heated objects led German physicist 
Max Planck (1858-1947) in an unex- 
pected direction that led to a Nobel 
Prize in physics in 1918. Using statisti- 
cal mechanics to describe the different 
vibration rates of atoms of a heated 
object, Planck calculated the spectrum 
of the light it would emit—that is, how 
the intensity of the glow would vary 
for different colors—and compared his 
calculations to measured spectra of its 
so-called blackbody radiation at different 
temperatures. 

The measurements were familiar: 
The object emitted no visible light 
when it was cool but became dull red 
when heated to a few hundred degrees. 
At higher and higher temperatures, it 
glowed bright red, then orange. If it 
could have been heated to the temperature of the Sun, it would have 
glowed yellow. Those colors were not pure, but rather mixtures of light 
at different wavelengths, like those Sir Isaac Newton discovered in sun- 
light in his famous experiments 200 years earlier. 

Planck presented the spectra as graphs. From left to right along the 
horizontal axis, colors went from infrared to red, across the visible spec- 
trum to violet, and beyond to ultraviolet. The vertical direction repre- 
sented intensity. The numerical value along the horizontal axis was the 
light’s frequency or the rate at which wave crests would pass by a given 
point. Frequency increases from infrared to ultraviolet, passing through 
the visible red-to-violet colors in between. Each spectrum reached a peak 
at a particular frequency that corresponded roughly to the color people 
would see. Then the intensity dropped off sharply at higher frequencies. 
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Ernest Rutherford and J. J. 
Thomson many years after their 
pioneering work on cathode 
rays and radioactivity (AIP 
Emilio Segrè Visual Archives, 
Bainbridge Collection) 





Planck’s calculations produced good news and bad news. The good 
news was that the calculated spectra matched the measured spectra espe- 
cially well in the infrared area; the bad news was that it failed to predict 
the peak. In fact, his computations predicted an ever-growing intensity 
for higher frequencies. So Planck looked for an idea of how to change 
his statistical mechanical model to correct the high-frequency problem 
(which scientists in later years called the “ultraviolet catastrophe”). 

His approach went against Maxwell’s equations in a minor way. Those 
equations allow electromagnetic waves to have any intensity from very 
dim to very bright and everywhere in between. That means light energy 
is like a fluid that can be measured out in any amount. Planck decided to 
treat light energy like atoms or grains of sand instead. If the grains are 
small, the energy can be measured out almost like a fluid, as if controlled 
by a dimmer switch. But large grains produce noticeable gaps between 
different levels of brightness, like a three-way bulb. 
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Max Planck, whose study of the 
light emitted by hot bodies led 
to the idea of the quantum (AIP 
Emilio Segrè Visual Archives) 





Planck called an energy grain a quantum (plural: quanta). To preserve 
the good match between his prediction and measurements in the infra- 
red, he knew he needed small quanta at low frequencies. But to eliminate 
the problem in the ultraviolet, he needed large quanta at high frequen- 
cies. He started with the simplest possible way to do that. He wrote a 
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formula that expressed the energy of a quantum as a multiplier times its 
frequency. 

Remarkably, when Planck chose the right multiplier, the shape of his 
calculated spectrum matched the measured spectrum at all frequencies 
from infrared through ultraviolet. Planck originally thought that he 
might need a different multiplier for each temperature, but he discovered 
the same multiplier worked at all temperatures. 

‘Today that multiplier is known as Planck’s constant. Planck realized 
that number said something important about the nature of light, but 
he did not know what. He had invented the quantum as nothing more 
than a clever computational trick, but he had stumbled onto something 
that seemed to be real. The 19th century had opened with Young’s 
experiment that established light as a wave phenomenon. Now, in 
that century’s last year, Planck’s theory was hinting that light might 
be a stream of particles after all. The two results contradicted each 
other, but physicists could not deny either of them. Resolving the 
contradiction would take physics down unanticipated paths in the 20th 
century. 
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New Century, New Perspectives 


At first, the discovery of a subatomic particle and the reemergence of 
the wave-or-particle question about the nature of light did not seem to 
threaten early 20th-century physicists’ comfortable picture of their sci- 
ence. It still rested on the solid foundation of Newton’s laws of motion and 
gravitation and Maxwell’s equations of electromagnetism. Conservation 
of mass and energy were still two of its bedrock principles. 

But the foundations and bedrock were about to be shaken. Physics 
was about to be transformed, and the person who would be most 
responsible was a virtual unknown in 1901, Albert Einstein. Having 
completed his college degree from the Zurich Polytechnic Institute the 
previous year at the age of 21, Einstein began the new century look- 
ing for a job, and he was not having much luck. Some of his professors 
realized that he was very smart, but he was also so unconventional that 
they were reluctant to hire him as an assistant or to recommend him 
for good jobs. Einstein took two temporary teaching jobs before finding 
permanent work as a technical expert, third-class, in the Swiss Patent 
Office in 1902. 

That job turned out to be ideal. It was not very demanding, and it 
allowed him plenty of time to think about the great questions of phys- 
ics while working for a doctoral degree from the University of Zurich. 
In 1905, he not only completed his doctoral dissertation, but he also 
wrote three papers (articles) that were published in the scientific journal 
Annalen der Physik (Annals of Physics). Each of the papers was on a differ- 
ent subject, and each was a masterpiece. 


Quanta and the Photoelectric Effect 


Einstein’s first paper, “On a Heuristic Point of View Concerning the 
Production and ‘Transformation of Light,” dealt with Planck’s quanta 
and a puzzling experimental discovery known as the photoelectric effect. 
In 1902, Philipp Lenard (1862-1947) found that light shining on a 
metal electrode could, under some circumstances, cause electrons to 
be emitted. Every metal behaved differently, but all had one puzzling 
feature—a threshold frequency for the light, below which the effect 
disappeared. 

The photoelectric threshold for each metal was different, ranging 
from blue for some metals to ultraviolet for others. Below the threshold, 
no electrons were emitted, no matter how bright the light. Above the 
threshold, even the dimmest light could free electrons from the surface. 

Einstein recognized the photoelectric threshold as evidence that 
Planck’s quanta were more than mathematical inventions. They were 
actual particles—bundles of light energy—which later became known 
as photons. He explained it as follows: To free an electron from a metal 
requires a certain amount of energy called the work function. Planck’s 


Chapter 1 | 1901-1910 9 


Albert Einstein was a 26- 
year-old patent clerk in Bern, 
Switzerland, in 1905, when he 
published three articles that 
transformed physics. (Hebrew 
University of Jerusalem Albert 
Einstein Archives, courtesy AIP 
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constant relates the energy of a quantum of light to its frequency. For a 
quantum to boost an electron out of a metal, its energy exceeds the work 
function, which means its frequency must be high enough. Above the fre- 
quency threshold, no matter how dim the light, each quantum has enough 
energy to free an electron. Below the threshold, no matter how many 
quanta there are, none has enough energy to knock an electron loose. 

It was not difficult to test Einstein’s conjecture. The farther above the 
frequency threshold the photons were, the more energy they would be 
able to give to the emitted electrons. When physicists did experiments 
to determine the dependence of that excess energy on frequency, they 
found the results matched Einstein’s prediction. Thus the photoelectric 
effect was undeniable evidence that light is a stream of particles—Planck’s 
quanta. Yet other phenomena, like Young’s demonstration of interference, 
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(Opposite page) Einstein explained a puzzling phenomenon called the photoelectric effect by 
recognizing that light was made of actual packets of energy. That is, the quantum Planck had 
proposed was more than a mere mathematical convenience. Physicists now call the light quantum 
a photon. 


demonstrated light’s wave nature with equal certainty. As bothersome as 
that seemed, Einstein took the only attitude that a physicist can: Nature 
is what it is, and it is up science to find ways to describe it. Sometimes 
scientists need to find new tools or vocabulary. Sometimes they need to 
ask different questions. In this case, asking an either-or question about 
the nature of light was the wrong approach, because experiments were 
showing it to be both. Now the question was how that could be so. 


Brownian Motion and the Reality of Atoms 


Einstein’s second 1905 paper, “On the Movement of Small Particles 
Suspended in Stationary Liquids Required by the Molecular-Kinetic 
Theory of Heat,” used statistical mechanics to analyze other scientists’ 
observations of a phenomenon known as Brownian motion. About 80 years 
earlier, Scottish botanist Robert Brown, after whom the effect is named, 
observed pollen grains suspended in a fluid through a microscope. Brown 
noticed that the grains moved jerkily along irregular paths. In the years 
after that, other scientists made precise measurements of Brownian 
motion and reported their results. 

Einstein realized that those irregular jogs were the result of collisions 
with the molecules of the fluid. He calculated how far and how fast the par- 
ticles would be expected to move between collisions, and how the details of 
the zigs and zags would be affected by changes in temperature. His com- 
pared his calculations to experimental measurements and found that they 
matched. Though single atoms and molecules had still not been observed, 
Einstein’s calculations provided direct evidence that they existed. 


The Special Theory of Relativity 


Einstein’s third 1905 paper is the best known to nonscientists. Called 
“On the Electrodynamics of Moving Bodies,” it laid out his theory of 
relativity and changed the way physicists viewed space and time. 

The theory developed from Einstein’s perspective on the luminiferous 
ether. He realized that the ether, if it exists, is more than a medium in 
which electromagnetic waves flow. It also provides a fixed background—a 
frame of reference—against which all motion in the universe can be mea- 
sured. A particular point in the universe could be designated the origin, 
where three perpendicular axes (plural of axis) meet. Those axes could 
be designated x, y, and z (or east-west, north-south, and up-down). Any 
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Einstein explained the random 
paths followed by tiny particles 
suspended in fluids, known 

as Brownian motion, as the 
result of collisions with the 
atoms or molecules of the 

fluid, providing the first direct 
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point in the universe would be defined by three numbers, specifying its 
distance from the origin along the three axes. 

To describe the path of a moving object, a person would only need 
the values of those three numbers at different times. Any wave or object 
could move with respect to that frame of reference, but the ether itself 
would remain stationary. That makes the ether an absolute frame of ref- 
erence. Earthbound scientists can only measure the relative motion of 
an object with respect to their instruments. To determine the absolute 
motion of that object, they would need to measure the absolute motion 
of those instruments with respect to the ether. For years, scientists had 
been trying to do that, but they were always unsuccessful. 

For example, they tried to detect slight differences among the speeds 
of light beams that travel along the direction of Earth’s motion, oppo- 
site to that direction, and perpendicular to that direction. Very sensitive 
measurements failed to find any differences. Some people interpreted the 
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failure to detect such differences as evidence that the ether does not exist. 
Einstein went a step further. He said that the nonexistence of the ether 
means that the universe has no absolute frame of reference. The motion 
of one object or wave can only be measured relative to another, but not 
with respect to the universe itself. 

Einstein’s view of relativity was a natural extension of earlier scientific 
thought. At first, people viewed the Earth as the unmoving center of 
everything. Then they realized that Earth was one planet moving in a 
larger solar system. The natural human reaction was then to place the 
Sun at the center of the universe. But by Einstein’s time, astronomers 
could tell that the stars were moving with respect to one another. They 
no longer had reason to think that the Sun—or any other star—occupied 
a special place in the universe. From that perspective, it was easier to give 
up the idea of an absolute frame of reference. 

That led Einstein to state this basic principle of physics: If two observ- 
ers are moving at constant velocity with respect to one another, neither 
observer’s frame of reference is preferable to the other’s. It is impossible 
to make any observation that determines that one is moving while the 
other is absolutely at rest in the universe. 

That simple principle produces some surprising consequences. As 
noted in the Introduction, Maxwell’s equations predict the existence of 
electromagnetic waves that travel at a definite speed. That means that 
two observers, regardless of their relative motion, must measure the same 
speed for a beam of electromagnetic radiation. 

But that statement does not match everyday experience. Suppose a 
major league baseball pitcher is standing on the roof of the engine of a 
train traveling at 50 mph (80 kph), and suppose he throws a 100 mph 
(161 kph) fastball in the direction of the train’s travel. A person on the 
ground would measure its speed to be 100 + 50 = 150 mph (241 kph). If 
he threw it backward, the person on the ground would measure its speed 
to be 100 - 50 = 50 mph in the opposite direction. 

But things are different when the baseball is replaced by a flashlight. 
The relativity principle predicts the same speed of light—the speed 
specified by Maxwell’s equations—for both the observer on the ground 
and the pitcher on the train, no matter how fast the train is going or in 
which direction the pitcher points the flashlight. That is exactly the effect 
scientists were seeing when they tried and failed to measure differences in 
the speed of light as the Earth moves at more than 66,000 mph (106,000 
kph) around the Sun in its orbit. 

Einstein’s theory of relativity leads to a number of phenomena that 
occur at high relative speeds but seem odd when judged by everyday 
human experience. It forces physicists to change the way they view space 
and time, and that affects the mathematical interpretation of Newton’s 
laws of motion and Maxwell’s equations. 

For example, measuring an object’s length requires a determination of 
where its endpoints are at the same time. That means the measurement 
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of length requires the observer to have synchronized clocks in different 
places. Clocks can be synchronized by transmitting an electromagnetic 
“the time is now” message outward from a central transmitter. When that 
message, traveling at the speed of light, reaches a clock, the clock auto- 
matically sets itself according to its distance from the transmitter. 

But there is a complication: Observers moving in frames of reference 
with respect to each other do not agree on synchronization. Consider the 
flashlight on the train as an example. Suppose that the observer on the 
ground and the pitcher have extremely accurate, identical meter sticks 
and clocks. Before the experiment begins, the observer and the pitcher 
synchronize their clocks by setting off a flash at the middle of the train. 
Because of the train’s motion, the observer notices that the flash reaches 
the clock at the back of the train before it reaches the clock at the front. It 
has to, because in the observer's frame of reference, light travels less than 
half a train length before the back of the train meets the flash and more 
than half a train length before the flash reaches the front. 

To the pitcher, the light travels exactly the same distance to the ends 
of the train and therefore reaches them at the same time. In his frame of 
reference, the two clocks are properly synchronized, but in the observer’s, 
the one at the back is set too late, and the one in the front is set too early. 
Looking at the same situation from the frame of reference of the pitcher, 
he sees the observer moving in the opposite direction, and the observer’s 
clocks are out synchronization for him in the same way his are out of 
synchronization for the observer. 

Since the principle of relativity states that neither frame of reference 
is better than the other, both are correct in their observations. In other 
words, the pitcher’s and the observer's conclusions about synchronization 
differ, depending on their relative motion. From the simple assumption 
that no frame of reference is absolute comes the unexpected result that 
synchronization is relative! 

Similar analysis leads to startling conclusions about length of meter 
sticks and the rate a clock ticks. Objects moving in a frame of refer- 
ence are shortened along the direction of motion compared to the same 
objects at rest. Clocks moving in a frame of reference run more slowly 
than the same clocks at rest. The observer and the pitcher look at each 
other, and each notes that the other has shortened meter sticks and clocks 
that run more slowly than if they were at rest. Yet when both observe 
the same experiment with those different-length meter sticks and those 
differently synchronized clocks running at differing rates, they agree on 
the laws of nature. Otherwise, one reference frame would be preferred 
above the other. 

A “thought experiment,” one of Einstein’s favorite techniques, may 
clarify this. Suppose the pitcher stands at the back of the caboose and 
shines the light forward toward a detector at the front of the train, 
which he has measured to be one light-microsecond (lms), or 1,000 
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light-nanoseconds (Ins) long. (A light-microsecond is the distance light 
travels in a microsecond, about 984 feet, or 300 meters, in everyday 
units. A light-nanosecond is 1/1,000 of that distance.) The train travels 
at half the speed of light with respect to the ground. The pitcher and the 
observer both record the time and place the light turns on (event A) and 
the time and place when the light reaches the detector (event B). Then 
they compare notes. 

The pitcher says the light took one microsecond to reach the front 
of the train. As the diagram on page 16 shows, the observer sees things 
very differently. The observer measures the moving train to be shorter, 
approximately 86.6 percent as long as it is to the pitcher, or 866 Ins. 
The pitcher, of course, notices nothing unusual about his surroundings. 
According to the observer, that is because the pitcher’s meter sticks have 
been shortened too. 

The light beam travels at the speed of light, but in the observer’s frame 
of reference, the front of the train is moving ahead at half that speed. The 
light from event A catches up with the front of the train (event B) after 
1,732 nanoseconds, during which the beam has traveled two train lengths, 
or 1,732 Ins. Because of the difference in clock rates, the observer judges 
that the pitcher’s clocks ticked off 1.5 microseconds during that time, but 
the pitcher measured only one microsecond because the two clocks were 
incorrectly synchronized by 0.5 microsecond (the pitcher’s microseconds, 
not the observer’s). 

None of the observer’s disagreements with the pitcher violate the laws 
of nature. They only clash with human concepts of space and time that 
developed from experiences at relative speeds much less than the speed 
of light. If the observer and the pitcher lived in a world where relative 
speeds were often a significant fraction of the speed of light, then their 
everyday experience would include meter sticks whose length depends on 
the way they are moving, clocks that run at different rates when moving 
at different speeds, and no absolute synchronization. 

The observer and the pitcher agree that event A occurs when and 
where the flashlight is turned on at the back of the train—though their 
two sets of instruments give different measured values for the place and 
time. Likewise, they agree that event B occurs when and where the light 
reaches the detector at the front of the train, though again with different 
numbers that specify position and time. Despite the differences between 
the measured numbers, they agree on this: The light beam travels at the 
speed predicted by Maxwell’s equations. That is a law of nature, and it 
must be the same in both frames of reference. 

Relativity also produces a surprise when the observer and the pitcher 
interpret a simple electrical experiment. Suppose each is conducting the 
same experiment on identical laboratory setups, measuring the electrical 
forces between two charged balls. Because a moving electric charge is 
an electric current, and because an electric current produces a magnetic 
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field, each looks at the other’s experiment and observes not only an 
electric force but also a magnetic one. When the relativity principle is 
applied to Maxwell’s equations, the electric and magnetic fields are no 
longer separate entities but rather a single electromagnetic field that 
may appear to be more electrical or more magnetic, depending on the 
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(Opposite page) Einstein’s two simple assumptions for the special theory of relativity (the 
speed of light is the same for all observers and no frame of reference is preferable to another 
when they move at a constant relative velocity) lead to a number of high-speed phenomena 
that seem odd when judged by everyday human experience. Here, as seen by an observer in a 
railroad station at rest with respect to this book, a train passes left-to-right through the station 
at half the speed of light. It carries a statue of Albert Einstein that was made in an identical 
fashion to one in the station. Part A shows that a light flashes as the back of the train passes 
the left edge of the platform, triggering clocks on the platform and train at that point to start at 
zero. Part B shows that the light reaches the right end of the platform at the same time as the 
front of the train reaches that point. That event triggers another pair of clocks to turn on with 
different time settings. Because observers on the train and the platform must measure the same 
speed of light despite their relative motion, they are unable to agree about the synchronization 
of their clocks, the rates those clocks tick, or the length of the objects measured along the 
direction of relative motion. Each observer notes that the other’ clocks run slowly and that 
lengths are compressed (which is why the statue on the train is thinner). Because neither frame 
of reference is preferred, both are correct in that observation! This is explained in detail in the 
main text of this chapter. 


relative motion between the observer apparatus and the person making 
the measurement. 

The theory of relativity’s most dramatic surprise of all came, not in 
Einstein’s first paper on the subject, but in a postscript to it entitled 
“Does the Inertia of a Body Depend on Its Energy Content?” which 
was published later in 1905. The postscript extended the first paper’s 
analysis of the meaning of mass, which is the measure of a body’s inertia. 
Electromagnetic energy must travel at the speed of light, but anything 
with mass can never achieve that speed, no matter how strong the force 
acting on it and no matter how long that force acts. The higher an 
object’s speed in an observer’s frame of reference, the more force must be 
applied to increase that speed by a given amount. The work done on it 
causes its inertia—or mass—to increase. 

When Einstein looked at his new version of the laws of motion and 
compared them to Newton’s, he found that conservation of momentum 
still holds when the increasing mass is taken into account. But conserva- 
tion of mass needs to be modified, as does conservation of energy. The 
main point of the postscript is expressed by the famous equation E=mc?, 
which states that mass and energy are two aspects of the same phenom- 
enon. Mass and energy can be transformed into each other, and thus are 
not necessarily conserved separately. However, they are still conserved 
when considered together. Thus relativity combines those two conserva- 
tion laws into one. 

At this point, readers may wonder about the word special in the heading 
of this section. The theory of relativity discussed here is for the special 
case of two frames of reference moving at a constant relative velocity. A 
general theory of relativity would have to take into account acceleration or 
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changing relative velocities. That proved to be quite difficult, but Einstein 
eventually succeeded in doing so, as will be discussed in chapter 2. 


The Divisible Atom 


Einstein was not the only physicist making remarkable discoveries in the 
first decade of the 20th century. Building on the 1897 discovery of the 
electron, J. J. Thomson and others were busy exploring the subatomic 
world. Thomson continued to use the term corpuscle to describe the 
electron for many years. But no matter what he called it, he knew that 
its discovery had opened many new avenues of research in physics for 
the new century. Some researchers investigated the electron itself, while 
others concerned themselves with the role of the electron in matter. For 
instance, if electrons, which are negatively charged, are part of electri- 
cally neutral atoms, then atoms must also contain positive charges. Since 
electrons are so light, the remaining positively charged matter must con- 
tain most of the atom’s mass. 

It soon became apparent that an element’s atomic number, which 
specifies its position in the periodic table, corresponds to the number of 
electrons in its atoms—or equivalently, the electric charge on the posi- 
tive part of the atom (though they did not yet know what that positively 
charged part was like). The atomic masses of the different elements are also 
related to the atomic number, but not in a simple proportion. Hydrogen 
is the lightest atom and has atomic number one, but a helium atom, with 
atomic number two, has four times the mass of hydrogen. Heavy atoms, 
such as lead with atomic number 82 and an atomic mass about 207 times 
that of hydrogen, are even further out of proportion. No one knew why 
that should be so. 

Scientists also realized that electrons were responsible for an atom’s 
chemical behavior. An atom’s valence is a property that describes the way 
it reacts with other atoms. Valence is related to the number of electrons 
it contributes to chemical reactions and dictates the particular combina- 
tions of atoms that form molecules. Elements in the same column of the 
periodic table have the same valence. Though they did not yet under- 
stand why, physicists and chemists recognized that most elements have 
not only valence electrons but also other electrons that do not participate 
in chemical reactions. It was also becoming clear that electric currents in 
metal wires are a flow of electrons. Why some substances, such as met- 
als, conduct electricity while others do not was not yet understood, but it 
was obvious that some electrons are not as tightly bound to their atoms 
or molecules as others. 

Among physicists at the turn of the 20th century, Ernest Rutherford 
quickly emerged as a leading figure in understanding both radioactiv- 
ity and the internal structure of atoms. In 1898, he became a professor 
at McGill University in Montreal, Canada, where he continued the 
research he had begun with Thomson in England. He soon found a 
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third form of radioactivity, even more penetrating than beta rays, which 
he naturally called gamma radiation, with properties that resembled 
those of X-rays. 

In late 1900, he joined forces with McGill chemist Frederick Soddy 
(1877-1956), and they began the new century trying to understand some 
of the very strange chemistry that went along with radioactivity. For 
example, Rutherford and Soddy chemically separated radioactive atoms 
of a different element from a sample that was mainly thorium. The 
remaining material was much less radioactive at first, but then the same 
kind of radioactive atoms that they had removed reappeared, as if from 
nowhere. Other experiments with different radioactive materials yielded 
similarly puzzling results. 

As they analyzed their radioactive samples, they often found the same 
chemical elements in different materials, but with different atomic mass- 
es. It took a few years of careful work to understand what was happen- 
ing. Radioactivity was giving scientists hints about the internal structure 
of atoms. Rutherford and Soddy realized that radioactivity takes place 
when that positively charged portion of the atom—whatever it is—emits 
something. Their results indicated that when a “parent” atom emits an 
alpha particle, its atomic number decreases by two; that is, it changes, or 
transmutes, into a “daughter” element two atomic numbers below it on 
the periodic table. Furthermore, its atomic mass decreases by four, which 
led them to suspect that an alpha particle is a helium atom without its 
electrons. 

Rutherford’s earlier research had shown that beta rays are electrons. 
When the positive part of a radioactive atom emits a beta particle, the 
resulting daughter has one more unit of positive charge than the parent. 
So transmutation by beta emission results in an element that is one atomic 
number higher on the periodic table. The mass of the electron is so tiny 
that the daughter and the parent have the same atomic mass even though 
they are chemically distinct. For both alpha and beta radiation, the 
daughter atom is often more radioactive than the parent. That explains 
the increase in radioactivity that Rutherford and Soddy observed in their 
work with thorium and other radioactive elements. 

Rutherford and Soddy’s results also explained the different masses that 
had been noticed for chemically identical elements. Two atoms had the 
same chemical behavior, and were thus the same element, if they had the 
same electrical charge. But they could still have different masses. (Soddy 
later called these isotopes. By 1913, he realized that different isotopes also 
exist for nonradioactive atoms, which explained fractions in some mea- 
sured atomic masses such as chlorine’s 35.5. We now know that naturally 
occurring chlorine, atomic number 17, has two isotopes: a more common 
one with 35 mass units and a less common one with 37 mass units.) 

In 1908, Rutherford was awarded the Nobel Prize in chemistry for his 
work on transmutation. (Soddy won it later, in 1921, for his explanation 
of isotopes.) Meanwhile, physicists were having lively discussions about 
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the internal structure of atoms. What was the positively charged matter 
like, and how were electrons mixed with it to make atoms? 

One popular idea was J. J. Thomson’s “plum pudding” model, 
which pictured atoms like a favorite British dessert. (If Thomson were 
American, he might have called it the raisin bread model instead.) It 
envisioned an atom as a serving of pudding with its positive charge spread 
evenly throughout its bulk, while tiny, negatively charged electrons were 
sprinkled within it like plums or raisins. 

Other physicists had different ideas, picturing atoms as hard, little 
balls that somehow contain lightweight negatively charged electrons and 
an equal number of heavier, positively charged subatomic particles. No 
matter what model they thought was better, none of the physicists felt 
certain of their preference. Thus they were eager for someone to find a 
way to look inside the atom. Rutherford, who in 1907 had returned to 
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England as professor at the University of Manchester, had an idea of how 
to do that. 

His plan was to use alpha particles as bullets, which he would shoot 
at thin metal foils. By measuring how their paths change as they pass 
through, he could deduce what kinds of structures they had encountered. 
Soft plum pudding would have little effect on the bullets, and their direc- 
tion would barely change. But if the alphas struck hard, little balls, he 
would expect the alphas to be diverted—or scattered—from their original 
direction. 

The first order of business in Manchester was to confirm his sus- 
picions about the nature of alpha radiation. His assistant Hans Geiger 
(1882-1945) developed an instrument to detect the passage of high-ener- 
gy charged particles and to count them. That device, the forerunner of 
the modern Geiger counter used to measure the intensity of radioactivity, 
proved to be the key to showing that alpha particles were indeed helium 
atoms without electrons. 

Then, in 1909, Rutherford and Geiger began their scattering experi- 
ments. They quickly found that almost all of the alpha particles passed 
through metal foils with little or no change in direction. That pattern fit 
with Thomson’s plum pudding model, but they were careful not to jump 
to that conclusion. Geiger’s detectors were very precise, so they were able 
to compare the total number of alpha particles that struck their target on 
one side to the number that they detected on the other side. A very small 
fraction of the alphas escaped detection after hitting the foil, and they 
needed to understand what happened to them. 

Rutherford considered several possibilities. Perhaps an occasional 
alpha particle was striking a detector and not registering. That seemed 
plausible, but the detectors had been perfectly reliable in other tests. 
Another possibility was that a few alpha particles were scattering more 
than Rutherford and Geiger had anticipated. Those particles may have 
gone far off to the side where there were no detectors. Since such large- 
angle scattering seemed very unlikely, Rutherford had Geiger concen- 
trate his efforts on the detection techniques. 

Meanwhile, he decided that looking for large-angle scattering, even if 
unsuccessful, would be good practice for Ernest Marsden (1889-1970), a 
young student just learning the laboratory’s research techniques. Much to 
everyone’s surprise, Marsden not only detected alpha particles scattered 
far off to the side, but he even detected some scattered back toward the 
source. Rutherford later described that result as “almost as incredible as 
if you had fired a 15-inch shell at a piece of tissue paper and it came back 
and hit you.” 

Following up on Marsden’s discovery took more than another year, 
which meant that the first decade of the new century ended with 
Rutherford and his team in hot pursuit of a mystery. There was some- 
thing unexpected inside those tiny particles called atoms, but they had 
not quite figured out what their results were telling them. 
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Scientist of the Decade: Albert Einstein (1879-1955) 


“That person is an Einstein!” That expression, used 
to describe a creative genius, is a testament to the 
lasting influence of Albert Einstein the physicist, who 
transformed his science through his ability to find a 
new perspective from which to view old observa- 
tions. But throughout the 20th century and even 
today, popular images have also portrayed Einstein 
as eccentric. He is the vest-wearing, bicycle-riding 
professor with a German accent, preoccupied by 
equations and unaware of the chalk on his clothing, 
his wild gray hair blowing in the wind. 

But the life story of Einstein is more complex 
because he not only lived through tumultuous 
changes in world culture and politics, he also 
had a lasting influence on them. Born in Ulm, 
Germany, on March 14, 1879, Einstein’s unusual 
way of looking at the world had always caused 
him problems in school. Because his thoughts 
were often elsewhere, some teachers thought he 
was slow. In his teens, he attended a Gymnasium 
(gim-NAH-zium, the German word for high school) 
in Munich, but he rebelled against its authoritarian 
approach. His disrespectful attitude led teachers 
there to say he would never amount to anything. 

When a business failure drove his father to 
move the family to Milan, Italy, young Albert at 
first remained behind to complete his courses 
at the Gymnasium, but soon he left to rejoin his 
family. He could have graduated by continuing 
to study in Italy, but in 1896, exasperated with 
German culture, he signed a document giving up 
his German citizenship and with it any right to 
earn a diploma. 





Albert Einstein’ distinctive appearance and expressive face 


made him a photographer’ favorite throughout his life. (AIP 
Emilio Segré Visual Archives) 


Even so, he took the college entrance exami- 
nations for the Zurich Polytechnic Institute in 
Switzerland, but he failed. He enrolled in a Swiss 
high school in Aarau and flourished in its more 
relaxed environment. With better preparation, he 
retook the exams and got into Zurich Poly on the 
second try. He found the course material at the 
institute interesting, but not the lectures. So he 
skipped most of his classes and read important 
books on his own. He passed the necessary exam- 
inations to earn a degree in the fall of 1900. 

After graduating, he expected to be hired as an 
assistant to one of his physics professors, but the 


New Techniques, Technologies, 
and Observations 


The new perspectives of the first decade of the 20th century came 
about largely because physicists are inclined to extend the limits of their 
observations. That is also true of people who apply scientific discoveries 
in technology. The remarkable science noted in this chapter occurred 


job never came. It should not have been surpris- 
ing. A physics professor had once told him, “You 
are a smart boy, Einstein, a very smart boy. But 
you have one great fault: you do not let yourself 
be told anything.” 

Einstein took two temporary teaching jobs 
before finding permanent work as a technical 
expert, third-class, in the Swiss Patent Office in 
1902. The job allowed him plenty of time to think 
about the great questions of physics and to study for 
his doctorate at the University of Zurich. In 1905, 
he completed his doctoral thesis and published 
three remarkable papers (articles) in the scientific 
journal Annalen der Physik (Annals of Physics) that 
transformed physics, as this chapter describes. 

Those papers, plus his doctoral thesis that was 
published in 1906, brought Einstein fame in the 
world of physics. He took a series of professorships 
that began at the University of Zurich in 1909, 
then at Karl-Ferdinand University in the Czech 
capital of Prague, and then back to Zurich Polly. In 
1913, Max Planck and Walter Nernst (1864-1941), 
another leading German physicist, offered Einstein 
the chance to establish and lead a physics institute 
in Berlin. He was reluctant to go back to Germany, 
but the position was too important to turn down. In 
Berlin, he was soon doing work that would bring 
him world fame. He extended his theory of relativ- 
ity to include gravity, and it led to the conclusion 
that light rays bend in a gravitational field. 

According to that theory, a beam of starlight 
passing close to the Sun would not go straight but 
would be deflected toward the Sun by an amount 
large enough to be measured here on Earth. It 
was an astonishing prediction but difficult to 
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test because the faint starlight would be invisible 
in the Sun’s glare—except on the rare occasion 
of a total solar eclipse. In 1919, two teams of 
physicists on opposite sides of the South Atlantic 
Ocean (off West Africa and in Brazil) observed 
some stars during an eclipse and measured exact- 
ly the bending that Einstein had predicted. Major 
newspapers splashed the discovery and Einstein’s 
name around the world. 

Einstein won the Nobel Prize in physics in 1921, 
not for the theory of relativity that brought him 
world recognition, but for his explanation of the 
photoelectric effect. His fame became very impor- 
tant later in his life. He was a Jew by birth, though 
he preferred to call himself a “deeply religious 
nonbeliever” and spoke not of a personal God but 
of “unbounded admiration for the structure of the 
world so far as science can believe it.” In the 1930s, 
people with Jewish ancestry faced persecution 
under Adolf Hitler’s Nazi government in Germany, 
so Einstein knew it was time to leave his native 
country again. His well-known name opened doors 
to brief stays in Belgium, England, and California 
before he settled at the Institute for Advanced Study 
at Princeton University in New Jersey. 

During World War II, Einstein was a leader 
among scientists who persuaded United States 
president Franklin D. Roosevelt to develop the 
atomic bomb before the Nazis could. But his 
political inclinations were always those of a paci- 
fist. After the war, he used his personal acclaim to 
become a powerful voice against further research 
into nuclear weapons and in favor of world 
peace. He remained in Princeton until his death 
on April 17, 1955. 


in parallel with equally dramatic technological achievements. The first 
transatlantic radio communication occurred in 1901, and in 1903, on 
the outer banks of North Carolina, two bicycle-building brothers by the 
name of Wright demonstrated powered human flight. 

Planck was not the only scientist studying spectra in the new cen- 
tury. When the light of glowing gases was spread out into spectra, each 
substance produced its own distinctive set of bright lines at particular 
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wavelengths (a line spectrum as opposed to a continuous spectrum such as 
blackbody radiation). Some scientists were discovering patterns among 
those wavelengths, but they had no theories about why those patterns 
existed. They expected those theories to come from better understanding 
of the subatomic world and had good reason to expect such understand- 
ing to come in the next decade. 

In the Netherlands, the laboratory of Heike Kamerlingh Onnes 
(1853-1926) was leading the world in the study of very low tempera- 
ture phenomena. Researchers there had liquefied all of the gases in 
air. Helium had the lowest boiling temperature of all, approximately 
- 452°F (-269°C) or a mere 7.7°F (4.3°C) above absolute zero, a limit- 
ing temperature that thermodynamics said could be approached but 
never achieved. In the next decade, this technological and scientific 
achievement would lead to an astonishing discovery: the phenomenon 
of superconductivity. 

Meanwhile in 1910, a Jesuit priest by the name of Theodor Wulf 
(1868-1946) studied radiation in the air from the top of the Eiffel Tower 
and found more than expected. He suspected the excess was coming not 
from the Earth but rather from elsewhere in the universe. He proposed 
to study these cosmic rays by launching balloons to heights greater than 
ever achieved but left the work to others in the decade to come. 

The first decade of the new century had come to an end with unex- 
pected new perspectives. It had begun with the expectation of tying up 
loose ends. But now physicists knew that they would have to unravel 
some old ideas in order to being weaving a new tapestry of understanding 
of the universe. 
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Bortz has brief comments about a number of books published in recog- 
nition of the World Year of Physics, plus links to reviews of a number of 
other physics books for nonspecialist readers. 

World Year of Physics 2005. Available online. URL: http://www.phys- 
ics2005.org. Accessed March 27, 2006. An online resource developed in 
honor of the centennial of Albert Einstein’s “Miracle Year.” 


1911-1920: 
New Views of Matter 


The year 1910 marked the centennial of the publication of John Dalton’s 
A New System of Chemical Philosophy, which described the atomic nature of 
matter. A hundred years of advances in chemistry had demonstrated the 
power of the simple idea that all matter was made of atoms. 

Still no one had figured out what made atoms of one element differ- 
ent from those of another. The different chemical properties seemed 
to be related to the number of electrons in the atoms of the different 
elements, but electrons were too much light to explain the large differ- 
ences in atomic masses. Most of an atom’s mass was made of something 
else that was still not understood. Since atoms are electrically neutral, 
that unknown matter had to carry a positive electric charge equal to the 
negative charge of all that atom’s electrons. But what was that positively 
charged matter, and how did nature build atoms from it and electrons? 

The second decade of 20th-century physics would be dominated by 
that question, and many of the most important and surprising discoveries 
would come from the University of Manchester laboratories of Ernest 
Rutherford. 


The Discovery of the Nucleus 


Ernest Rutherford never won a Nobel Prize in physics, perhaps because 
his greatest accomplishment came only three years after he had won the 
1908 Nobel Prize in chemistry. In 1911, after puzzling over the surpris- 
ing results of Geiger’s and Marsden’s alpha-scattering experiments, he 
announced his interpretation of their measurements to the world. 
Rutherford concluded that atoms should be described neither by 
Thomson’s plum pudding model nor by the hard-ball model favored 
by other physicists, but by a model that resembled a planetary system 
held together by electricity rather than gravity. The results of Geiger’s 
and Marsden’s alpha-scattering experiments—that their alpha particles 
scattered only slightly with the striking exception of a small fraction that 
went far off to the side or even backward—told him that atoms are mostly 
empty space with most of their mass concentrated in a tiny central core 
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called the nucleus (plural: nuclei). According to Rutherford’s new picture of 
the atom, its electrons orbit the nucleus like Earth, and its sister planets 
go around the Sun. Remarkably, Rutherford’s atoms were even emptier 
than the solar system. To compare: The Sun contains about 99.8 percent 
of the mass of the solar system, and its diameter is about 1/700 as large 
as the orbit of Neptune (the most distant planet). The nucleus has more 
than 99.9 percent of the atom’s mass, but its size is truly minuscule. Even 
the largest nuclei have less than 1/10,000 the diameter of their atoms. 

That structure explains why most positively charged alpha particles 
pass through atoms without being scattered much. Most of them pass too 
far from the nucleus to feel much of its influence. However, by chance, 
about one alpha particle in 8,000 comes near enough to the nucleus to 
feel an electrical force so powerful that the alpha scatters to the side—or 
even backward in the case of a very rare direct hit. 

As is usual in science, a breakthrough like Rutherford’s nuclear model 
of the atom opens up many new questions. The most serious difficulties 
were these: (1) an orbiting electron is accelerated, which means it should 
be radiating electromagnetic waves, and (2) the masses of different atomic 
nuclei are not proportional to the positive charge they carry. 

To clarify the first point, when physicists speak of a body’s velocity, 
they are referring to both its speed and direction. When they speak of its 
acceleration, they are referring to the rate that its velocity changes, taking 
both speed and direction into account. An orbiting planet is accelerated 
toward the Sun by the force of gravity, and, by the same analysis, an 
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orbiting negatively charged electron is accelerated toward the positively 
charged nucleus by electrical attraction. In both cases, the orbiting body 
constantly falls toward the central body but never falls into the central 
body because its motion is in another direction. 

In the case of the planets, that is a stable situation. However, for an 
accelerated electron, Maxwell’s equations, even as modified by Einstein, 
predict that it will radiate electromagnetic waves. The energy of those 
waves will come from its kinetic energy (energy of motion), which means 
it should steadily slow down and spiral into the nucleus within a tiny frac- 
tion of a second. Since most atoms are stable, something had to be wrong 
with either the laws of electromagnetism or Rutherford’s model. 

The new model changed but did not answer an old question about 
atoms. Scientists used to puzzle over the difference between atomic num- 
ber and atomic mass in the periodic table. Now that they knew an atom’s 
mass was mainly in its nucleus, they asked the same questions about 
nuclei. Why do helium nuclei have a mass of four times that of hydrogen 
nuclei when they only have twice the charge, and why do lead nuclei have 
a charge of 82 units and a mass of 207? 

Rutherford’s nuclear model offered no immediate insights on those 
questions, but it still offered significant advantages in understanding 
other phenomena such as radioactivity. Rutherford now could identify 
alpha particles as helium nuclei and beta particles as electrons. He could 
describe radioactivity as a process of nuclear disintegration or decay, in 
which a parent nucleus emits either a helium nucleus or an electron and 
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leaves behind a daughter nucleus of a different element. (Gamma rays are 
never emitted alone but always as successors to alpha or beta decays.) 


The Bohr Model of the Atom 


The first significant refinement of Rutherford’s nuclear model came in 
1913, when a 28-year-old, Copenhagen-born physicist named Niels Bohr 
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(1885-1962) published a series of papers that quickly drew considerable 
attention. The main purpose of these articles was to propose a theoreti- 
cal way out of the problem of electromagnetic radiation from orbiting 
electrons, but their impact turned out to be much wider than that. They 
moved Planck’s quantum from the limited realm of light’s interaction 
with matter to the broad arena of atomic structure. 

Planck discovered the quantum while analyzing the continuous 
spectra in the glow of hot bodies like the filaments of incandescent 
lightbulbs. Bohr took note of the line spectra produced when electric- 
ity passes through low-pressure gas in a tube, producing a glow, such 
as the distinctive red of neon lights. Why do electrically excited gases 
emit quanta of only certain frequencies? What underlies the mathemati- 
cal patterns in those frequencies, such as a series of spectral lines from 
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(Opposite page) The alpha- 
scattering experiment of 
Rutherford, Hans Geiger, and 
Ernest Marsden produced 

an astonishing discovery: A 

thin metal foil causes a small 
fraction of the high-energy alpha 
particles to scatter far off to the 
side or even backward. From 
that result, Rutherford concluded 
that most of an atom’ mass is 
contained in a tiny, positively 
charged nucleus with negatively 
charged electrons orbiting it. 


Niels Bohr developed a theory 
that explained the line spectrum 
of hydrogen as the result of 
electrons making transitions 
between allowed energy levels 
and emitting quanta of light 
with energy equal to the 
difference between the levels. 
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hydrogen identified 30 years earlier by a Swiss schoolteacher, Johann 
Balmer (1825-98)? 

Bohr began his analysis by assuming that line spectra were the result 
of emissions from individual atoms. Could the pattern of frequencies in 
those emissions shed light on why electron orbits are stable in apparent 
violation of the laws of electromagnetism? What if the laws of physics 
dictated that only certain orbits were stable? With a single electron, 
hydrogen was a particularly easy atom to analyze. The formulas for gravi- 
tational and electrical attraction have the same mathematical form with 
charge replacing mass and an electrical constant replacing a gravitational 
one. Both state that the force decreases as the separation increases in an 
inverse square relationship. If the separation doubles, the force decreases 
to one-fourth (one part in two times two) of its previous value; if the 
separation triples, the force decreases by a factor of nine (three times 
three); and so forth. 

The calculations were essentially the same as for the orbit of a 
planet (the electron) around the Sun (the hydrogen nucleus) without 
the complicating influences of other bodies. The laws of motion and 
electromagnetism predict a simple mathematical relationship between 
the size of an electron’s orbit and the time it takes to make a round trip. 
That relationship is akin to the second of 17th-century astronomer’s 
Johannes Kepler’s (1571-1630) three laws of planetary motion. That law 
is an equation relating a planet’s distance from the Sun to the length of 
its year. 

Bohr’s model of the atom also had equivalents of Kepler’s first and 
third laws, but Bohr added one more that Kepler did not need: a restric- 
tion on what orbital periods were permitted. Bohr stated that electronic 
orbits are stable only if their energy is equal to an integer times the 
product of Planck’s constant and the orbital frequency. It was as if the 
solar system restricted planetary orbits so that no body in orbit around 
the Sun could have a period of 365 or 366 days, but only the exact length 
of Earth’s year (365.24 days). 

In the Bohr model, electrons made transitions between allowed 
energy levels by emitting or absorbing a quantum of light having 
energy equal to the difference between the levels. The Bohr model 
could therefore compute a set of allowed frequencies of emitted light. 
Remarkably, they matched the hydrogen spectrum precisely. The Bohr 
theory was also successful, but less so, in predicting the line spectra of 
more complex atoms, just as Kepler’s laws are not precisely valid when 
the influence of other planets needs to be considered. The theory’s suc- 
cesses, however, suggested that the laws of electromagnetism did not 
apply to electrons in atoms, as long as their orbits met special condi- 
tions. Physicists were not entirely comfortable with that, but clearly, 
Bohr’s analysis, like Planck’s before it, was telling them something 
fundamental about the atomic world. 
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Inside the Nucleus 


Rutherford and his team continued their alpha-scattering research until 
1913, using different sources of alpha particles and foils of different met- 
als to refine their conclusions. By then, the nuclear model of the atom 
was well established. But what made nuclei of one substance different 
from another? Two numbers were clearly important, electric charge and 
mass. The nucleus’s positive electric charge corresponds to the identity 
of the nucleus as a particular chemical element, or where it fits in the 
periodic table. When surrounded by a number of electrons equal to that 
charge, it is a neutral atom, and the electrons are responsible for that 
atom’s chemical behavior. 

The nuclear mass, as Soddy pointed out, might differ between two 
isotopes of the same element. But mass, like charge, seemed to come in 
basic units. The simplest nucleus was hydrogen, with one unit of charge 
and one unit of mass. 

When World War I broke out in 1914, fundamental physics research 
was one of the casualties as students were called to military service or 
other wartime duties. Rutherford himself became involved with subma- 
rine detection, but he also had time to continue work in the laboratory. 
He decided to follow up on an intriguing finding by Marsden, who had 
bombarded hydrogen gas with alpha particles. 

When an alpha particle collides with a heavier, fixed nucleus of a metal 
atom, it changes direction but loses little of its energy. However, when the 
target is hydrogen gas, the collision resembles a billiard shot with an extra 
heavy cue ball. Both the alpha particle and the hydrogen nucleus rebound 
from the collision. If it is a near-direct hit, the hydrogen nucleus may go 
off at an even higher speed than the incoming alpha particle had. 

By that time, Rutherford had begun calling hydrogen nuclei protons 
to signify that they are fundamental subatomic particles like electrons. 
Furthermore, those experiments had taught him how to distinguish 
protons from alpha particles when they struck his detecting screen. 
The ability to recognize protons soon proved to be very useful. When 
Rutherford began bombarding nitrogen gas with alpha particles, he 
detected protons even though he had started out with no hydrogen. 
His conclusion was that the collision caused the nitrogen nucleus to 
break apart and release a proton. That conclusion was generally correct, 
although scientists were not able to describe the exact nuclear transfor- 
mation until the 1920s, namely this: an alpha particle (charge 2, mass 
4) combined with a nitrogen nucleus (charge 7, mass 14) to produce 
a proton (charge 1, mass 1) and an uncommon but stable isotope of 
oxygen (charge 8, mass 17). Rutherford detected the proton but not the 
oxygen nucleus. 

From what Rutherford observed, it made sense to think that all nuclei 
might be built up from protons. That would account for the charges of 
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nuclei but not their larger masses. It also raised questions about what held 
a nucleus together. Two or more protons in such a confined space as the 
nucleus would repel one another with an enormously large force. Some 
physicists suggested that the nucleus might contain a certain number of 
additional protons and that same number of electrons, but Rutherford 
disagreed. He argued that a negatively charged electron and a positively 
charged proton within a nucleus would be so strongly attracted to each 
other that they would be inseparable, essentially forming a single neutral 
particle. 

In 1920, he theorized that such “neutral doublets” were the third 
type of fundamental atomic building blocks after electrons and pro- 
tons. He called this proposed particle a neutron. He noted that its mass 
would be very close to that of a proton. Thus an isotope’s atomic num- 
ber, which determined its place in the periodic table, was its number 
of protons, while its atomic mass was its total number of protons and 
neutrons. 

It would be 1932 before neutrons were detected and even later before 
the force that binds the nucleus together was understood, but by the end 
of the second decade of the 20th century, Rutherford had provided the 
correct description of the makeup of atoms: electrons surrounding a mas- 
sive but minuscule nucleus of protons and neutrons. 

He probably would have phrased that differently, because physicists at 
that time spoke of electrons orbiting—not merely surrounding their nuclei. 
Developments in quantum theory in the 1920s, however, would lead physi- 
cists to a new view of electron orbits and of electrons themselves. 


Atoms in Solids 


While Rutherford’s work dealt with individual atoms, matter is made 
up of many atoms interacting with one another. The properties of com- 
pounds can be very different from those of the atoms that join to form 
the molecules, and the properties of the same substance in liquid or 
solid form is very different in its gaseous state. Today physicists speak 
of condensed matter to distinguish the solid and liquid states, in which 
each atom or molecule is constantly influenced by its neighbors, from 
gases, in which atoms or molecules move almost independently from one 
another except when they collide; but for most of the 20th century, they 
focused attention separately on solids and liquids. As later chapters will 
make clear, research in what was then called solid-state physics produced a 
number of significant technological advances. 

In broad terms, the distinction between a solid and a liquid is the 
arrangement of its atoms or molecules. Long before the 1910s, it was 
clear to scientists that most solids formed crystals. Gemstones and miner- 
als were the most striking examples, but even common salt and sand had 
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obvious sharp edges and could be cut (cleaved) more easily along certain 
directions than others. A number of different crystal types were recog- 
nized and described according to the pattern of the cleavage planes. A few 
substances, such as glass, did not have preferred directions. These were 
called amorphous, meaning “without form.” 

It was reasonable and natural to assume that a solid’s crystalline behav- 
ior reflected a regular pattern in the way its atoms or molecules joined 
together and that liquids and amorphous solids did not have such regu- 
larity. So physicists began looking for tools that would enable them to 
discover the arrangements within crystals. They needed something that 
would be sensitive to something as small as the spacing between atoms 
in solids. 

That something turned out to be X-rays. In 1912, German physicist 
Max von Laue (1879-1960) demonstrated that crystals would diffract, 
or spread out, a beam of X-rays. His discovery was similar to Thomas 
Young’s 1801 discovery of interference in light. X-rays were coming to 
be understood as electromagnetic waves with wavelengths as small as 
the size of an atom. Building on this discovery, British physics professor 
William H. Bragg (1862-1942) and his son William L. (Lawrence) Bragg 
(1890-1971) developed techniques to deduce the internal arrangements 
of atoms or molecules in crystalline solids from the X-ray diffraction pat- 
terns that resulted when a beam of X-rays passed through them. 

Physicists quickly recognized the importance of these discoveries. 
Laue was awarded the Nobel Prize in physics in 1914, followed by the 
Braggs a year later. 


Astronomy and Cosmology 


While many physicists were concerning themselves with phenomena 
at the smallest scale—the subatomic realm—others were looking at the 
largest objects in the universe, even the universe itself. The 1910s saw 
the first glimmerings of a subfield of physics that would become increas- 
ingly important throughout the 20th century. Cosmology, the study of the 
universe itself, relies on astronomical observations, but it is as distinct 
from astronomy as atomic physics is from chemistry. By the end of the 
century, cosmologists would find their questions leading them as often to 
the sub-subatomic as to the astronomical. 

The first significant cosmological questions emerged from Albert 
Einstein’s continuing work on relativity. His 1905 work in the field dealt 
with a special circumstance—namely, frames of reference whose relative 
motion is constant. As noted in the preceding chapter, that is why the 
work became known as the special theory of relativity. But what about 
the more general case, when the relative motion of two bodies or frames 
of reference is changing? 
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The General Theory of Relativity 

Developing what has become known as general relativity took Einstein 
into unusual mathematical territory. Again, a thought experiment pro- 
vides a useful window into the analysis. Suppose an observer in a labora- 
tory is making measurements of the motion of falling bodies. The bodies 
are in a vacuum chamber, so there is no air resistance. They are also 
electrically neutral and nonmagnetic. The only force acting on them is 
gravity, and the observer’s goal is to measure the effect of gravity. 
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The observer notes that their velocity changes in a particular way, 
which is the same for all such bodies regardless of differences in their 
mass. Their speed and direction parallel to the ground are unchanged, 
but their vertical motion is increasingly in the downward direction, 
changing at a rate of 32 feet per second (9.8 m/s) every second. The 
conclusion is clear. The observer and the laboratory are in a gravitational 
field with acceleration 32 feet per second per second, or one “g.” 

But an observer on the falling body would see it differently. To that 
observer, the lab observer and the laboratory are accelerating upward at 
one g. In fact, without looking outside the laboratory, neither observer 
would be unable to perform any experiment that distinguishes whether 
the laboratory is in a gravitational field or is an accelerated frame of 
reference. 

Pursuing this line of thought led Einstein to unify space and time into 
a four-dimensional spacetime. People are used to envisioning position as 
defined by a three-dimensional space as a grid of imaginary meter sticks 
stretching to infinity in three directions, which can be specified at a given 
point on Earth as east-west, north-south, and up-down. Mathematicians 
like to call those directions the x, y, and z axes. 

But there is a fourth dimension, time or the ¢ axis, through which 
everything and everyone moves at the rate of one second per second. 
All observers measure the motion of a light beam through space at one 
light-second per second no matter whether the observers are accelerated 
or not, or equivalently, no matter what gravitational fields the observers 
are in. 

To envision spacetime as Einstein described it, imagine a four-dimen- 
sional grid with markings along the x, y, z, and t axes. In human experi- 
ence, people use different units of measurement for space (x, y, z) and 
time (4), but space and time can be combined into a single four-dimen- 
sional set of axes with the same units by multiplying time or dividing 
distance by the speed of light. 

Einstein asked himself about the effect of mass in spacetime. He found 
an effect that could be envisioned as similar to what happens when a ball 
is placed on a taut rubber sheet. The ball stretches the sheet in its imme- 
diate surroundings. When two balls are on the sheet close together, the 
depressions they create merge, and they roll toward each other. Suddenly, 
gravitational attraction becomes the result of the distortions mass causes 
in the fabric of spacetime. 

What does this mean for light? In mathematical terms, a light beam 
follows a channel in a spacetime distorted by gravity. Photons have no 
mass, otherwise they would have to travel slower than the speed of light 
according to the special theory of relativity, but Einstein’s general theory 
of relativity leads to this conclusion: Massless entities are still affected by 
gravity. 

That astonishing result says that a flashlight beam on Earth curves 
ever so slightly toward the ground, but the curvature is far too small 


(Opposite page) Einstein 
generalized the theory of 
relativity to include relative 
accelerations with thought 
experiments like this one. An 
observer in the lab sees an 
astronaut following a parabolic 
path downward like a falling 
ball on Earth, while the 
astronaut sees the observer to 
be following a parabolic path 
upward. They can make no 
measurements to distinguish 
whether the astronaut is falling 
under the influence of gravity 
or the laboratory is accelerating 
upward at that rate. Thus a 
gravitational field is equivalent 
to an accelerated frame of 
reference. Pursuing this idea led 
Einstein to combine space and 
time into a four-dimensional 
spacetime that distorts in the 
presence of mass. He concluded 
that gravity is the result of that 
distortion and thus affects light 
as well as matter. 
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Einstein became world famous 
when one of the remarkable 
predictions of his general theory 
of relativity was shown to be 
correct during a total eclipse 

of the Sun in 1919. Stars in 
nearly the same direction as 

the Sun, normally hidden in 

the Sun’ glare, became visible 
from Earth. Light from a star 
that passed close to the solar 
disk bent toward the Sun. Thus 
the star appeared to be shifted 
outward from its expected 
position. Astronomers measured 
the shifts during that eclipse and 
found they matched Einstein’s 
predictions. 


to be measured by our most sensitive scientific instruments. Still, when 
Einstein published his general theory of relativity in 1915, physicists were 
determined to test the prediction. Fortunately, the solar system provided 
a way to do that on rare occasions: during total solar eclipses. 

If starlight on its way to Earth passes close to the Sun, solar gravity is 
large enough to divert the light’s path by a measurable amount. During 
total solar eclipses, astronomers can see and measure the pattern of 
stars that would normally be invisible against a bright sky. Though such 
eclipses happen once or twice a year, they occur along narrow paths as 
the Moon’s shadow sweeps across the Earth’s surface. Totality lasts only 
a few minutes in any one place, so observing a total solar eclipse also 
requires a bit of good luck. Passing clouds can spoil an opportunity to 
see and photograph an event that people might travel halfway around the 
world to experience. 

In the mid-1910s, wartime conditions also made it difficult to get 
equipment to the right places at the right times. It was not until 1919 
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that two expeditions on opposite sides of the Atlantic Ocean—one on 
the Island of Principe off West Africa led by British astrophysicist Arthur 
Eddington (1882-1944) and the other in Sobral in northern Brazil led by 
British astronomer Andrew Crommelin (1865-193 9)—were successful in 
photographing the stars near the solar disk. By comparing their obser- 
vations to others at the time of year when those same stars are visible 
at night, they detected exactly the shift predicted by general relativity. 
Newspaper headlines around the world announced the confirmation that 
gravity affected the path of light. Einstein, as the scientist who made that 
improbable prediction on the basis of experiments he did in his head, 
became world-famous. 

Of course, the bending of starlight was just one consequence of the 
even more sweeping idea that mass causes a curvature in the fabric of 
spacetime. In 1917, as he was exploring the implications of his new 
mathematical description, Einstein discovered that his theory predicted 
a universe that was steadily expanding or contracting. That troubled 
him. Geologists and biologists had been trying to determine the age of 
the Earth. Though there was still considerable disagreement as to the 
exact age of the planet, all agreed that it was many millions and possibly 
billions of years old. If the universe had been expanding for that long, 
most other stars would be too far from Earth to be seen. If it had been 
contracting, it would have long ago collapsed on itself. Yet the universe 
seemed to be quite stable. 

Einstein also noticed that the mathematical solution to his equations 
included an apparently arbitrary value called the cosmological constant. 
Different values of that constant would lead to different rates of cosmic 
expansion or contraction. One particular value would lead to stability, 
and that was the one that nature had apparently settled on. 

Discoveries in the 1920s would lead Einstein to view the cosmological 
constant as unnecessary, and he went to his grave believing it to be his 
“greatest mistake.” But at the end of the 20th century, the cosmological 
constant made a comeback, and physicists began the 21st century hoping 
for another Einstein to come along to make sense of it all. 


The Discovery of Galaxies 


When Einstein spoke of the cosmos or the universe in 1917, his view 
of it was very different from the modern one. Besides stars and plan- 
ets, telescopes revealed that the universe included some fuzzy objects 
known as spiral nebulae. Today we know that they are galaxies con- 
taining many millions or billions of stars, but then they were oddities 
awaiting explanation. 

In 1914, American astronomer Vesto Slipher (1875-1969) was observ- 
ing spiral nebulae at the Lowell Observatory in Flagstaff, Arizona. His 
telescope was equipped with a spectroscope, which enabled him to analyze 
starlight to identify the elements in the stars. Being a very hot body, 
the star emits a continuous spectrum like the one that led Max Planck 
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to discover the quantum. However, the outer layers of stars contain 
gases that are cooler than the regions emitting most of the light. These 
cooler gases absorb those wavelengths of light that they themselves 
would emit as line spectra. That produces an absorption spectrum, 
dark lines on a bright background, like a photographic negative of the 
gases’ emission spectra. From that absorption spectrum, Slipher would 
be able to determine the chemical elements present in those outermost 
stellar layers. 

When he compared the line spectra of the spiral nebulae to known 
elements, he found an unexpected difference. The spacing of the lines 
matched the spectra of the expected elements, but the lines were shifted 
to slightly different wavelengths. The spectrum of the great nebula in 
Andromeda, which we now know is the nearest major galaxy to our own 
Milky Way, was shifted slightly toward the blue. Most of the others were 
redshifted. 

Slipher realized that the shift was due to the Doppler effect, which 
is familiar to most people when it occurs in sound. When an emer- 
gency vehicle approaches and zips past a person with siren screaming, 
the siren’s pitch drops. The pitch corresponds to the wavelength or 
frequency of sound waves passing the person’s ears. Wave crests are 
compressed together when the vehicle is approaching, resulting in a 
higher pitch. As the vehicle moves away, the crests are spread out, and 
the pitch is lower. 

Slipher realized that the blueshift in the spectrum of the Andromeda 
nebula meant that it is moving rapidly in our direction, while the red- 
shifts signified that the other nebulae were moving away, also at very high 
speed. When Arthur Eddington heard about Slipher’s results, he realized 
that the objects were probably also at vast distances from Earth and sug- 
gested that they were galaxies, vast systems of stars. That implied that the 
cosmos was far larger than anyone had previously considered. Almost all 
the lights in our night sky were stars in our own galaxy, which was only 
one of many in a vast universe. 


Cosmic Rays 

Austrian Victor Hess (1883-1964) was discovering the cosmos in a dif- 
ferent way in the 1910s. He acted on Theodore Wulf’s suggestion to do 
high-altitude measurements of the particles that seemed to be streaming 
through Earth’s atmosphere from above. Ten times in 1911 and 1912, he 
loaded himself and radiation detectors into balloons that carried him to 
altitudes greater than 16,400 feet (5,000 m) above sea level. 

This was quite a risky venture, but the instruments required a human 
operator, so he went. Above 3,300 feet (1,000 m), he discovered a signifi- 
cant increase in radiation compared to that at the surface. The higher he 
went, the more radiation he found. At 16,400 feet (5,000 m), he detected 
three to five times as much radiation as at sea level. 
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Hess concluded that powerful radiation, cosmic rays, streams down 
to Earth from outer space. Identifying this radiation would take many 
years, but it would eventually lead to profound new ideas about the sub- 
atomic world. As a result, Hess was awarded the Nobel Prize in physics 
in 1936. 


New Theories, Techniques, and Technologies 


While Einstein was exploring the frontiers of spacetime, Rutherford 
was probing the internals of atoms, Hess was capturing cosmic rays, and 
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Victor Hess after his 1912 
balloon flight, during which he 
discovered cosmic rays from 
space (National Geographic, 
courtesy Pierre Auger 
Observatory) 
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Scientist of the Decade: Ernest Rutherford (1871-1937) 


By most criteria, Ernest Rutherford could not 
have been more different from Albert Einstein. 
Einstein was the eldest of two children of an 
urban, European intellectual family. Rutherford 
was the fourth of 12 children growing up in rural 
New Zealand. Einstein explored new theories at 
a desk in a small office. Rutherford explored new 
phenomena in some of the world’s best-equipped 
laboratories. Einstein’s intellect was unappreci- 
ated before he burst to prominence. Rutherford 
seemed destined for success from the beginning 
of his schooling. Einstein did not win the Nobel 
Prize in physics until 16 years after his most sig- 
nificant work. Rutherford won the Nobel Prize in 
chemistry before he made what is arguably his 
greatest contribution to physical science. 

The two physicists were also vastly different in 
appearance and manner. Einstein was unremark- 
able in stature, quiet, and modest. Rutherford was 
physically imposing, exceptionally ambitious, and 
had a booming voice. Yet they shared a goal to 
explore the essentials of physics without precon- 
ceived ideas. That open-mindedness enabled both 
men to recognize the unexpected. It led Einstein to 
reinterpret the laws of motion; the meaning of space 
and time; the nature of matter, energy, waves, and 
particles. It guided Rutherford’s probe of the most 
basic components and structures of matter. 

Rutherford was born in 1871 near the town of 
Nelson on New Zealand’s South Island. He was 
an excellent student who, with financial sacrifices 
from his parents and scholarship aid, was able 
to afford a good local secondary school (Nelson 
College) and then to study at Canterbury College in 
Christchurch. There he showed not only an excep- 
tional talent for experimental science but also an 
interest in working on the latest discoveries. 

German physicist Heinrich Hertz (1857-1894) 
had recently learned to produce the electromag- 
netic waves that we now call radio, and Rutherford 
decided to measure their effect on magnetized 
steel needles. That work led him to invent a sen- 
sitive detector of the so-called Hertzian waves 
that had traveled over a long distance. This radio 
receiver soon became an important component in 
the communications revolution known as wireless 





Ernest Rutherford, whose work led to an understanding of 
the internal structure of atoms (Smith Collection, Rare Book 
& Manuscript Library, University of Pennsylvania) 


telegraphy that was sweeping the world and made 
Rutherford a prominent candidate in the 1895 
competition for a major research scholarship to 
study in England. Unfortunately, the scholarship 
committee ranked him second to a chemist. But a 
stroke of good fortune soon followed. The chem- 
ist decided to marry and stay in New Zealand. 
Rutherford was offered the award and decided 
to work at Cambridge University’s renowned 
Cavendish Laboratory led by J. J. Thomson. 

Rutherford immediately set to work on more 
wireless experiments and continued to produce 
important results. But as his work became more 
significant technologically, it became less interest- 
ing as science. So he and Thomson began looking 
for a new field in which he might contribute. 
When word came of R6ntgen’s discovery of X- 
rays, they had their answer. 


As part of his study of cathode rays that 
would soon lead to the discovery of the electron, 
Thomson had been investigating the phenomenon 
of ionization—the creation of electrically charged 
atoms—in gases. He could create uncontrollable 
high-voltage sparks or glows, but he was not able 
to create a steady ionic current that he could con- 
trol and measure. 

Röntgen had reported that when X-rays passed 
through gases, the application of an electric field 
to those gases would cause small electric currents 
to flow. Thomson suspected those currents were 
a stream of ions—exactly what he was looking to 
study. He assigned Rutherford the task of finding 
out if he was right. Rutherford confirmed Thomson’s 
conjecture and immediately knew what to do 
next. He would see if the newfound phenomenon 
of radioactivity would also produce ions in gases. 
It did, so he set out to learn what radioactivity was 
and how it interacted with matter. 

He began by putting aluminum foil between 
a piece of uranium and an ionization detector, 
adding one layer at a time. Each of the first few 
layers measurably reduced the ionization, but 
eventually, he reached a point where adding a 
single layer made little difference, even though a 
significant amount of the original radiation was 
still passing through. Rutherford concluded that 
radioactivity must have at least two components, 
one much more penetrating than the other. He 
named the two components alpha and beta rays 
after the first two letters of the Greek alphabet, 
with alpha rays being the component that was 
more easily blocked. 

By 1898, Rutherford’s name was becoming 
known throughout the world of physics, and he 
was offered a professorship and his own research 
laboratory at McGill University in Montreal. He 
soon began working with a young electrical engi- 
neer, R. B. Owens, who was studying radioactivity 
from thorium as Rutherford had done with ura- 
nium. Owens observed a peculiar effect: thorium 
radiation was sensitive to air currents in the lab. 

Rutherford suspected that thorium was produc- 
ing a radioactive gas. He designed experiments 
to test that hypothesis and found that he was 
correct. He also discovered two new mysteries. 
First, as that gas, which we now know was radon, 
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emitted alpha radiation, solid radioactive material 
began to accumulate on the walls of its container. 
Second, as he studied the radioactivity from the 
solid deposits, he found not only alpha and beta 
radiation but also a third, even more penetrating 
form of radioactivity, which he called gamma 
radiation. 

These remarkable discoveries all took place 
within two years of Rutherford’s arrival at McGill. 
By the summer of 1900, he was ready for a vaca- 
tion. He traveled back to New Zealand to see his 
family and to marry his understandably impatient 
fiancée, who had endured numerous delays of her 
wedding date while her husband-to-be was in the 
midst of a brewing revolution in physics. 

In September, Rutherford returned to Montreal 
with his bride. As he settled into a new home life, 
he knew he needed an additional person in his 
laboratory. He sought a skilled chemist to help 
him sort out the changes in chemical makeup that 
accompanied radioactive emissions. As noted in 
chapter 1, he teamed with Frederick Soddy, who 
demonstrated that they were observing chemical 
transformations unlike any ever seen. It was not 
the rearrangement of atoms to form new chemical 
compounds but rather radioactive transmutation 
of one element into another. 

During the same years in which Einstein was 
challenging fundamental assumptions about space, 
time, matter, and energy, Rutherford was challeng- 
ing the fundamental assumption of chemistry that 
one atom could not be changed into another. His 
description of transmutation earned him the Nobel 
Prize in chemistry in 1908, but his greatest accom- 
plishments—the discovery of the atomic nucleus 
and the proton and the prediction of the neutron— 
lay ahead. (See chapters 1—4 for details.) 

In addition to Rutherford’s remarkable sci- 
entific achievements, he was also noted for his 
leadership that enhanced the quality of research 
wherever he worked. As noted in chapter 1, he 
was lured back to England from McGill in 1907 
to lead a research program at the University 
of Manchester. He left Manchester in 1919 to 
succeed J. J. Thomson as Cavendish professor 
at Cambridge University, the most prestigious 
physics professorship in Britain. He remained at 
Cambridge until his death in 1937. 
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The laboratory for low 


temperature research of Heike 
Kamerlingh Onnes (front 
row, center) in Leiden, the 


Netherlands. In this laboratory, 
helium was liquefied (1908) 
and superconductivity was 
discovered (1911). (Kamerlingh 
Onnes Laboratorium, Leiden, 
courtesy AIP Emilio Segrè 
Visual Archives) 





astronomers like Slipher and Eddington were redefining the limits of the 
cosmos, other physicists were probing different frontiers. 


Superconductivity 


For example, Heike Kamerlingh Onnes was investigating what hap- 
pens to matter at the lowest temperatures ever achieved on Earth. 
Liquefying helium had been an outstanding accomplishment—it would 
earn him the Nobel Prize in physics for 1913—but that was merely the 
first step in his research. By 1911, it was time to immerse materials in 
liquid helium and measure properties such as electrical conductivity. 
Electric currents in metals were recognized to be flowing electrons, and 
physicists were striving to understand the internal structures of solids 
that affected the flow. They suspected that the thermal vibrations of 
atoms were a major impediment to current, and thus they expected that 
electrical resistance would steadily decrease as they cooled metals toward 
absolute zero. 

As Kamerlingh Onnes cooled a thin wire of mercury, its electrical 
resistance decreased steadily in agreement with the theory until suddenly, 
at just below the temperature where helium became liquid, the mercury 
seemed to lose all of its resistance at once. He found he could start cur- 
rent flowing in a loop of mercury, cool it to below what is now called the 
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critical temperature, remove the source of voltage, and the current would 
continue to flow. 

As long as he kept the wire cool enough, the electrons kept flowing, 
even for hours, without a battery. But as soon as he allowed the tem- 
perature to rise above the critical temperature, the current would stop. 
Kamerlingh Onnes had discovered superconductivity. He investigated 
many different metals and found that superconductivity was a common 
phenomenon. The critical temperature varied from one metal to another, 
but it was always extremely low. 

As remarkable as the discovery of superconductivity was, no one could 
develop a theory to explain the phenomenon until a 1957 discovery that 
led to a Nobel Prize. Thirty years after that, superconductivity surprised 
physicists again. This time, researchers observed the phenomenon at 
unexpectedly high (but still frigid) temperatures in a class of ceramics. 
‘That experimental result led to another Nobel Prize—and physicists still 
have not come up with a fully satisfactory theory for what causes it in 
those materials. 


Continental Drift 


In a decade full of discoveries in physics that changed the world, one 
proposed new theory about a changing world was widely criticized— 
even ridiculed. In 1915, German climatologist and geophysicist Alfred 
Wegener (1880-1930) published the first edition of The Origin of the 
Continents and Oceans, which laid out the theory of continental drift. 
Wegener relied on evidence from maps, geology, and paleontology. 
But because he was unable to propose a mechanism for the drifting of 
Earth’s continents, proponents of existing theories prevailed in academic 
arguments. 

Decades later, after Wegener’s death, discoveries about Earth’s interior 
validated his ideas, which turned out to be as revolutionary in his area of 
physics as Einstein’s, Rutherford’s, Bohr’s, and Kamerlingh Onnes’s were 
in theirs. 
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1921-1930: 
The Quantum Revolution 


Few decades are as tumultuous as the 1920s turned out to be, both in 
physics and the world at large. The decade began in the aftermath of 
World War I, then called the Great War, and ended with a worldwide 
economic collapse that is still known as the Great Depression. 

Although the war ended in 1918, its consequences had dramatic effects 
in international relations for many years. Though some people spoke 
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of it as “the war to end all wars,” the 1919 Treaty of Versailles failed to 
achieve that objective. In redrawing the map of Europe, it created deep 
international resentments that continued to seethe. Rabid nationalism 
colored the relationships among citizens of different countries. It even 
divided physicists who, before the war, had eagerly cooperated in the 
pursuit of knowledge. 

Despite such political obstacles, and despite the remarkable changes 
that had already transformed physics during the first two decades of the 
century, new ideas about the nature of matter and energy came faster 
than ever in the 1920s. Fueling that acceleration was the realization that 
the quantum was at the core of understanding the physical universe. 

Astonishingly, the greatest developments in quantum physics emerged 
from Germany, a badly defeated, political outcast nation whose economy 
was in shambles. The sciences of physics and chemistry flourished there 
in the 1920s as they had before the war—despite the barring of German 
scientists from major international conferences for several years after 
hostilities ended. With a sense of national pride, Einstein was touted as 
a German genius when he won the 1921 Nobel Prize in physics (for his 
explanation of the photoelectric effect as a quantum phenomenon), even 
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though he had once given up German citizenship. Ironically, he would 
renounce it again in the 1930s as a Jew fleeing Nazi persecution. 


From the Bohr Atom to Quantum Mechanics 


Much of the development of quantum physics was driven by efforts to 
understand the line spectra of various elements. Bohr’s atomic theory was 
remarkably successful at predicting the hydrogen spectrum under normal 
circumstances, but it needed to be modified to explain the phenomenon 
of spectral line splitting. Applying electric and magnetic fields causes some 
lines in the hydrogen spectrum to split into clusters of lines, each with 
a frequency slightly different from the original. As the strength of the 
applied field increases, the shift in frequency becomes larger. 

The electron orbits of Bohr’s basic theory were described by a single 
quantum number, n, and the frequency of a given line in the spectrum 
could be calculated from the n-values of the orbits before and after the 
electron’s transition. To explain line splitting, Arnold Sommerfeld (1868- 
1951), a physics professor at the University of Munich in Germany, 
extended the Bohr model of electrons in atoms in a particularly impor- 
tant way. Chronologically, Sommerfeld’s extension belongs in chapter 2, 
since he did much of this work between 1913 and 1916, but it is included 
here for a unified presentation of the flowering of quantum physics. 
Sommerfeld’s innovation was to add the equivalent of Kepler’s first plan- 
etary law to Bohr’s theory; namely, that their orbits are ellipses. Circular 
orbits, which Bohr was using in his calculations, are special cases when 
the two axes of the ellipse are equal. 

Sommerfeld’s calculations considered Bohr’s n to be the “principal” 
quantum number but added a second “azimuthal” quantum number, &, 
which corresponds to the elongation of the ellipse. For circular orbits, k 
is zero, but Sommerfeld’s theory also allowed for larger values of k and 
thus more elongated orbits. His mathematics permitted elliptical orbits 
described by k-values that are whole numbers less than 7. For instance, 
instead of having a single circular orbit for n=3, Sommerfeld’s math- 
ematics permitted a circle for k=0 and two ellipses with elongations cor- 
responding to k=1 and k=2. He soon added a third “magnetic” quantum 
number, m. Envisioning the nucleus as a sphere with a north-south axis, 
the theory permits to take on whole-number values from zero through 
k. The m-values correspond to different inclinations of the electron’s 
orbit between polar and equatorial. The value of 7 is either positive or 
negative, depending on whether the orbit is clockwise or counterclock- 
wise when viewed from above the north pole. 

In the absence of an applied electric or magnetic field, all electron 
orbits in a hydrogen atom with the same principal quantum number 
have the same energy no matter what their k- and m-values. Thus, for 
example, all electrons that drop from orbits with =3 to orbits with n=2 
produce light quanta of the same frequency. But in the presence of an 
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electric field, the orbital energies, and thus the frequency of resulting 
the light quanta, depend on the elongation of the elliptical orbits (as 
specified by their k-values) before and after the orbital transition. That 
results in spectral line splitting in high electric fields, a phenomenon first 
observed by German physicist Johannes Stark (1874-1957) in 1913 and 
not explained successfully until Sommerfeld’s computations. 

The magnetic quantum number accounts for spectral line split- 
ting in magnetic fields, first noted by Dutch physicist Pieter Zeeman 
(1865-1943) in sodium light in 1896. The Bohr-Sommerfeld theory 
explains the Zeeman effect in hydrogen this way: An orbiting electron 
can be considered a tiny loop of electric current and therefore acts as an 
electromagnet. The direction of the orbit, clockwise or counterclockwise 
(corresponding to positive or negative values of m), determines the direc- 
tion in which that tiny electromagnet’s north and south poles point. In 
the presence of an applied magnetic field, a clockwise orbit has a differ- 
ent energy from an otherwise identical counterclockwise one, because it 
takes work to align the electromagnet’s poles against the field direction. 
The greater the field, the more pronounced the difference. The Zeeman 
effect is also greatest when the inclination of the electron’s orbital plane 
(corresponding to the values of 7) is closest to equatorial and least when 
it is closest to polar. 

Three quantum numbers were sufficient to explain most line spectra, 
but some puzzles remained. One of these was the so-called anomalous 
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In the presence of an electric 

or magnetic field, electron 
energy levels for each value 

of the principal quantum 
number, n, split into sets of 
energy levels, which results in 
corresponding sets of lines in 
the atomic spectrum. One type 
of splitting became known as 
the anomalous Zeeman effect 
because it could not be explained 
by the azimuthal and magnetic 
quantum numbers, k and m, 
alone. It led Wolfgang Pauli to 
propose the property of spin, its 
corresponding quantum number 
s, and the exclusion principle 
that explained the periodic table 
of the elements. 


Zeeman effect, in which magnetic fields split spectral lines of some atoms 
into more branches than could be explained by n, k, and m alone. An even 
more striking result arose from an experiment by German physicists Otto 
Stern (1888-1969) and Walther Gerlach (1889-1979) in 1922. They 
passed a beam of silver atoms through a magnetic field that got stronger 
from bottom to top along the vertical direction. If the total magnetiza- 
tion of each atom was the sum of the 7z-values of all 47 of its electrons, 
they expected that the magnetic field would spread the narrow beam 
into a wide band. Instead, it split into two bunches, each as narrow as 
the original beam. The magnetization of each silver atom apparently was 
the same. If it was aligned with the magnetic field, the atoms deflected in 
one direction; if it was opposite to the field, they deflected in the opposite 
direction. 

A number of theoretical physicists, most notably Austrian-born 
Wolfgang Pauli (1900-58) at the University of Hamburg, Germany, 
struggled to explain that result. In 1924, Pauli proposed that the mag- 
netism of an electron results not only from its orbital motion like a 
planet around the Sun but also from its “spin” or the rotation around 
its own axis. The Stern-Gerlach experiment suggested that an electron 
has a spin quantum number, s, that can take on only the values +% and 
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-¥2, commonly envisioned as spin up and spin down. In a silver atom, 46 
of the 47 electrons in the silver atom seemed to group themselves into 
23 up-down pairs whose opposite magnetizations added up to zero. The 
one left over would give the atom a net spin of 1⁄2, which could be either 
up or down. 

The next year, Samuel Goudsmit (1902-78) and George Uhlenbeck 
(1900-88) of the University of Leyden in the Netherlands demonstrated 
mathematically that electron spin could account for the anomalous 
Zeeman effect. With evidence accumulating that spin was a real physi- 
cal property of electrons, Pauli made this daring assumption about the 
apparent pairing of spin-up and spin-down electrons in an atom: No 
two electrons in an atom can have the same quantum state, that is, the 
same set of four quantum numbers (n, k, m, s). He called this the exclu- 
sion principle, and it led to his winning the 1945 Nobel Prize in physics. 
According to Pauli’s theory, the electrons in an atom fill energy levels as 
spin-up/spin-down pairs from the lowest energy upward, starting with 
n=1, k=0, m=0; then n=2, k=0, m=0; then n=2, k=1, m=0; then n=2, k=1, 
m=+/-1; and so forth. The n=1 level would thus hold one pair of elec- 
trons. The next level, with principal quantum number n=2, fills up with 
eight electrons. The v=3 level holds 18 electrons, eight having k=0 or 1, 
and 10 having k=2. 

Pauli began to see a pattern that reminded him of the periodic table 
of the elements. The noble gases helium, neon, argon, krypton, xenon, 
and radon have 2, 10, 18, 36, 54, and 86 electrons, which correspond to 
filled energy levels up to certain n/k values. Helium, for example, had 
two n=1/k=0 electrons, one with spin up and the other with spin down. 
Neon is helium plus all possible n=2 electrons. Argon is neon plus the 
n=3 electrons with k=0 or 1, and so forth. These noble gases can be 
thought of as closed shells of paired electrons. Other elements have 
electrons outside of those closed shells, which determine their chemi- 
cal valence and influence the way they form compounds and crystals. 
For example, the alkali metals (sodium, potassium, rubidium, cesium, 
francium) all have one electron more than a closed shell and behave 
very similarly in chemical interactions. Likewise, the halide nonmetals 
(fluorine, chlorine, bromine, iodine, and astatine) are one electron short 
of being closed shells. 

Thus Pauli’s innovations of the spin quantum number, s, and the 
exclusion principle did much more than explain magnetic effects such as 
the anomalous Zeeman effect and the Stern-Gerlach experiment. They 
also shed light on a half-century old puzzle; they were the natural laws 
underlying the periodic behavior of the elements. With Sommerfeld’s 
and Pauli’s refinements, the Bohr model of the atom had come a long 
way. Still, many physicists were troubled by a major unsolved problem 
in atomic theory, one that had plagued them ever since Rutherford first 
proposed the planetary model. According to Maxwell’s equations, orbit- 
ing electrons should radiate electromagnetic waves. Why should that 
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requirement be suspended for certain orbits? Likewise, the exclusion 
principle itself seemed arbitrary. Spectral evidence made it clear that no 
two electrons could occupy the same quantum state, but nothing in the 
theory suggested why that should be so. 

‘To answer the radiation question, they turned to a revolutionary 
idea proposed in 1924 by a young Frenchman named Louis de Broglie 
(1892-1987). De Broglie began by noting that physics had recently 
undergone a radical reinterpretation of the nature of electromagnetic 
energy (such as light). For centuries, they had been asking an either-or 
question: Is light a wave or a stream of particles? Young’s famous 1801 
experiment had convinced them that light was a wave phenomenon, 
and Maxwell’s equations showed that light waves were electromagnetic. 
That view held firmly until the very last year of the 19th century, when 
Planck’s mathematical invention—the quantum—suggested that light 
had a particle nature. Soon afterward, the discovery of the photoelectric 
effect led Einstein to declare that the answer to the either-or question 
about light was “both.” 

If electromagnetic waves such as light could behave like streams 
of particles, did those particles carry momentum as well as energy? 
Einstein’s theory of relativity said they did, but it was not until 1923 that 
the momentum of light quanta was observed in an experiment. American 
physicist Arthur Holly Compton (1892-1962; Nobel Prize in physics, 
1927) was studying a narrow beam of X-rays passing through blocks of 
graphite. All the incoming X-rays had the same frequency, but the outgo- 
ing X-rays did not. The graphite spread out the beam, and the outgoing 
X-rays had lower frequencies than the incoming one. The farther the 
X-ray beam scattered away from its original direction, the greater was 
the reduction in its frequency. It was as if he had shined pure violet light 
through a piece of glass and produced a spread-out spectrum with violet 
in the center and bands of color spreading outward starting with blue, 
progressing through green, yellow, orange, and finally reaching red on 
the outside. 

X-rays were clearly scattering from something and giving up increas- 
ing amounts of energy as the scattering angle got larger. What were 
they interacting with in the graphite, and how were they interacting? 
Compton decided that the interaction could be considered a collision 
between two particles, an X-ray quantum moving at the speed of light 
and an electron moving so much slower that he could consider it to be at 
rest. For the quantum, he used the energy given by Planck’s law and the 
momentum predicted by relativity theory. He then applied the principles 
of conservation of momentum and energy to compute the relationship 
between energy of the outgoing quantum and its direction. His result 
matched what he saw in his experiment. ‘Thus Compton’s experiment had 
demonstrated that light quanta had momentum as well as energy like any 
other kind of particle. (By 1926, scientists were calling the light quantum 
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a photon, following usage suggested by American chemist Gilbert Lewis 
[1875-1946].) 

With the light quantum’s dual wave-particle nature firmly estab- 
lished, de Broglie proposed that the same wave-particle duality is true 
of electrons or anything else physicists normally characterize as parti- 
cles. He then developed a theory that used electron waves to eliminate 
the problem of non-radiating orbits. He rewrote Planck’s formula for 
light quanta in a different form. His formula related the wavelength to 
a quantum’s momentum rather than its energy. Next he applied that 
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formula to electrons, and the result was striking. For a hydrogen atom, 
the circumference of Bohr’s lowest-energy electron orbit was exactly 
equal to that electron’s wavelength. For the second-lowest orbit, the 
circumference was two wavelengths, and so forth. The circumference 
of Bohr’s nth orbit was exactly n wavelengths of an electron in that 
orbit. 

If electrons have wave properties, it makes sense for electrons to settle 
into orbits that contain whole numbers of wavelengths. Similar standing 
wave or resonance phenomena are common in the physical world. For 
instance, an organ pipe produces a fundamental tone that corresponds to 
a wavelength equal to the distance between its two openings. It also pro- 
duces overtones that give it its distinctive timbre, a mixture of notes with 
shorter wavelengths that fit exactly two, three, four, or a larger whole 
number of times into that distance. 

If the electron is a standing wave rather than an orbiting body, it does 
not need to move to maintain its place in the atom, and thus it is not 
accelerated. Without acceleration, there is no radiation. De Broglie’s idea 
had eliminated a serious objection to the planetary model of the atom, 
but at the cost of replacing electron particles with electron waves. Most 
physicists struggled with that idea because it went against their intuition 
about the particle makeup of matter. Still, they had already accepted the 
dual nature of light because their experiments told them it was so. Before 
discounting de Broglie’s theory, they knew it was time to see where it 
might lead. 

They followed it in two directions: a mathematical path and an 
experimental one. In 1926, German physicist Erwin Schrödinger (1887- 
1961) found a way to express the equations of motion, or mechanics, 
in a form that accommodated waves. Instead of describing the position 
of a particle as a point in space, he described it as a wave function. The 
wave function is a mathematical expression that when graphed is a set 
of wiggles that are concentrated around a particular point in space. 
That point would be the position of the object if it were a particle. 
But the wiggles spread out from that point, indicating that the object 
has a broader, wavelike presence. Just as Newton’s and Einstein’s laws 
of motion predict the exact path of a particle, Schrédinger’s equation 
allows physicists to describe the corresponding wave function and how 
it changes over time. 

The equation proved to be very successful, and many physicists 
adopted the wave-function interpretation that removed the distinction 
between particles and waves. In the new way of viewing things, particles 
and waves are the same, though people perceive them differently. Objects 
that people call particles have tightly confined wave functions. If the wave 
functions are spread out, then people observe them as waves instead. But, 
by the late 1920s, no matter how people perceived them, the behavior of 
wave functions was known to obey the laws of a new branch of physics 
known as quantum mechanics. 
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Understanding the Quantum Universe 


Even though quantum mechanics provided a theoretical foundation, 
many physicists could not accept the dual nature of electrons without 
experimental confirmation. That did not take long to emerge. The first 
signs came in 1926, when American physicists Clinton Davisson (1881- 
1958) and Lester Germer (1896-1971) found some puzzling results in an 
experiment to study the crystal structure of nickel. They were bouncing 
electrons from the surface of a piece of the metal and found unexplained 
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variations in their results. At a scientific conference, Davisson described 
his experiments to other physicists, and some suggested that he might be 
seeing wavelike behavior. He went back to his laboratory and refined the 
experiment. The next year, Davisson and Germer had the answer. The 
nickel atoms formed layers in the crystal, and they were clearly observ- 
ing interference patterns produced by reflections of electron waves from 
different layers. 

At the same time, British physicist George P. Thomson (1892-1975), 
son of the famous J. J. Thomson, was doing experiments with electron 
beams passing through very thin crystals. He, too, observed interfer- 
ence. In an oddity of history, Thomson, whose father had won the 
1906 Nobel Prize in physics for demonstrating that cathode rays were 
not waves but a stream of particles, shared the same prize in 1937 with 
Davisson for discovering that those same particles had wave properties 
after all. 

As is often the case in theoretical physics, there was more than one 
mathematical way to describe quantum phenomena. While Schrédinger 
was developing his wave mechanics, another German physicist named 
Werner Heisenberg (1901-76) had already begun using a different 
technique based on matrices (singular: matrix) and vectors. A matrix is 
a rows-and-columns arrangement of numbers or mathematical expres- 
sions, and a vector is a set of numbers or expressions arranged in a row 
or column. The most familiar kind of vector describes the distance 
and direction from one point in space to another by three numbers 
corresponding to the difference along the east-west, north-south, and 
up-down axes. 

Whatever was calculated by Schrédinger’s equation could also be cal- 
culated by the Heisenberg formulation, but the different mathematical 
methods produced different physical insights. The Heisenberg method 
does not require particles to have wavelike natures, but it leads to similar 
conclusions. In 1927, Heisenberg produced one of the most profound 
conclusions about the quantum universe and gave new significance to 
Planck’s constant. It is known as the uncertainty principle, and it continues 
to guide physicists into new territory even today. 

Briefly, Heisenberg noted that the quantum nature of the universe 
imposes limits on how precisely the position and momentum (or veloc- 
ity) of an object can be measured. Any measurement of an object’s 
position or velocity is uncertain because no instrument is perfect, but 
that’s not what the uncertainty principle is about. The uncertainty 
principle means that there is a natural limit to how precisely those 
quantities can be measured at the same time, no matter how well-made 
the instruments. 

One way to look at the uncertainty principle is this: The act of mea- 
surement affects the quantity being measured. To measure the position or 
momentum of a body, an instrument must interact with the body—which 
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means exerting at least a very small force on it. That interaction changes 
both the position and momentum of the body, introducing an uncertainty 
in both. The problem cannot be solved by making the interaction weaker. 
While that would reduce the amount of uncertainty caused by the inter- 
action, it would also produce a weaker signal, which would increase the 
uncertainty of the instrument itself. Another way to think of it is to 
consider what it means to measure both position and momentum of an 
object at the same time. To measure momentum means measuring the 
rate its position is changing. To increase the precision of an instrument 
that determines the object’s position, the instrument must detect the 
particle over a very short time interval. A short interaction requires more 
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intensity, which causes a greater uncertainty in the object’s measured 
momentum. Likewise, an instrument that measures the momentum more 
precisely needs to interact with the object over an interval of time, thus 
leading to a greater uncertainty in its position. 

Heisenberg expressed the uncertainty principle in mathematical 
terms, but it can be stated as follows: The uncertainty in position times 
the uncertainty in momentum is never less than Planck’s constant. For an 
electron in an atom, the uncertainty of its position corresponds to its orbit 
size or its wavelength, so for all practical purposes, it can be considered a 
wave. Trying to treat that electron as a particle by measuring its position 
more precisely would have a strange result. The uncertainty principle 
would force such a large uncertainty in the electron’s momentum that its 
orbit would be impossible to determine. Heisenberg’s approach does not 
force a wave-particle duality, but it has the same result. 

Heisenberg also found a similar relationship between the uncer- 
tainty in an object’s energy and the time interval needed to measure 
that energy. Later in the century, physicists would use that principle 
as they developed cosmological theories to describe the origin of the 
universe from apparent nothingness. It would also guide them in their 
understanding of the nature of the fundamental forces binding atoms 
and nuclei together. For this work, Heisenberg was awarded the Nobel 
Prize in physics in 1932. 

The mathematics of Heisenberg and Schrédinger also led to an expla- 
nation of the exclusion principle. When physicists used the equations to 
determine wave functions of systems of spin- particles like the electrons 
in an atom, the only possible solutions had no more than one electron in 
each quantum state. The exclusion principle followed directly from the 
addition of spin to the set of quantum numbers needed to describe an 
electron’s state in an atom. 

Besides their work on quantum theory in the 1920s, Heisenberg and 
Pauli were also making major contributions to understanding the mag- 
netic properties of matter. Heisenberg’s work was especially important 
for understanding the phenomenon of ferromagnetism, or the ability of 
materials such as iron to develop permanent magnetism. Pauli worked 
on paramagnetism, which is a common property of many materials when 
placed in a magnetic field. They become magnetized in proportion to 
the strength of the applied field, but the magnetism disappears as soon 
as the field does. 

Both of those forms of magnetism result from the electron’s spin. The 
applied field creates a force that tends to align the spins, which leads to 
paramagnetic behavior. But in certain crystal alignments, Heisenberg 
noted, the electrons’ magnetic poles would align with each other, pro- 
ducing regions where the magnetism persists even after the field that 
created the alignment was removed. That phenomenon is the source of 
ferromagnetism. 


Chapter 3 


Relativity, Spin, Beta Decay, 
and Predicted Particles 


When Schrödinger developed his wave equation, he began with the 
same mathematical relationship between energy and momentum that 
came from Newton’s laws of motion. As successful as the theory seemed 
to be, physicists realized that it still needed to be modified for the same 
reason that Einstein had to restate Newton’s laws in his theory of rela- 
tivity. Furthermore, Schrédinger’s equation, when applied to electrons, 
addressed their orbital motion, corresponding to quantum numbers n, k, 
and m, but it said nothing at all about spin. 

Theoretical physicists wondered if those two deficiencies might be 
related, and in 1928, British physicist Paul A. M. Dirac (1902-84) came 
up with a relativistic wave equation that showed they were. Even though 
Dirac had not included spin in his calculations, his equation, when applied 
to an electron in a magnetic field, predicted that spin would exist—a very 
satisfying result. But that was not its only prediction. Every wave function 
that satisfied Dirac’s formulation was four-dimensional instead of three- 
dimensional, combining space and time into spacetime the way general 
relativity did. Furthermore, each wave-function solution was paired with 
another that also satisfied the Dirac equation. The second solution rep- 
resented a particle that was identical to the first in every way but carried 
an opposite charge. Today we call such particles antimatter. 

Dirac, like most physicists, reacted to this odd prediction by calling 
it a mathematical fluke that had nothing to do with the real universe. 
He was wrong! His comment turned out to be eerily similar to Max 
Planck’s reaction to his mathematical invention of the light quantum 
in 1900. Five years after Planck’s mathematical invention of the quan- 
tum, Einstein realized that quanta of light were real and had already 
been detected in the photoelectric effect. Similarly, as the next chapter 
notes, the first particle of antimatter, a positively charged antielectron 
(or positron), was discovered in 1932, four years after Dirac developed 
his equation. The next year, he and Schrödinger shared the Nobel Prize 
in physics. 

Before the third decade of the century ended, Pauli would also predict 
an undiscovered subatomic particle. In his case, it did not result from a 
mathematical oddity but rather from his quirky imagination. That occurs 
often in physics, where quirkiness and originality frequently go hand 
in hand, especially when experimental results cry out for a new way of 
viewing the physical world. In this case, the experiments were studies 
of the energy beta particles emitted from radioactive materials. When a 
particular radioactive substance emits alpha particles, they all carry the 
same energy. The same is true of gamma rays. But beta decay is differ- 
ent: The emitted particles have a range of energies from near zero to a 
maximum value. 
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Because the law of conservation of energy was so well established, 
physicists realized that the energy of the emitted radiation must cor- 
respond to a change in the mass of the radioactive nucleus. The nucleus 
transforms itself during the emission, starting as one isotope with a par- 
ticular mass and ending up as a different isotope with a smaller mass, and 
the loss of mass shows up as the energy of the emitted radiation. 

So why is the energy of all the emitted beta particles not the same? 
Pauli came up with what he called “a desperate remedy” in a letter he 
wrote to the attendees of a 1930 conference in Tübingen, Germany. 
He wrote the letter because he was unable to attend the meeting, but 
he wanted to discuss his idea. His premise was that in beta decay, the 
nucleus splits into three parts, not two, but the third piece had not 
yet been detected. The undetected particle would have to be electri- 
cally neutral and have very little mass. Furthermore, because quantum 
mechanics had led physicists to new conservation laws, including con- 
servation of spin, the unknown particle would have to carry spin %. 
Finally, it would have to pass through matter easily with interactions 
so rare that they had yet to be seen. In his letter, Pauli admitted, “At 
the moment, I don’t trust myself enough to publish anything about this 
idea,” but he thought the people at the conference might come up with 
a way of detecting these tiny, electrically neutral particles that he called 
“neutrons.” (The much more massive neutron that Rutherford had 
predicted had not yet been detected, so the name was still unclaimed 
by any known subatomic particle.) It was a provocative suggestion that 
would bear fruit in the next decade—but by then the particle would 
have a different name, the neutrino. 


Subatomic Physics 


Though the flowering of quantum mechanics dominated physics in the 
1920s, important work was also going on in other areas. Cambridge 
University’s Cavendish Laboratory, under the direction of Rutherford, 
continued its leadership in the study of subatomic phenomena. In par- 
ticular, Cavendish scientists improved the equipment and techniques 
to observe the paths of radioactive emissions and other subatomic 
particles. The lab had been a leader in those techniques since at least 
1911, when Charles T. R. Wilson (1869-1959) developed the first 
cloud chamber. He based it on a discovery he made on a meteorologi- 
cal project in the late 1890s. He wanted to understand the way water 
droplets form in the atmosphere, so he built a chamber filled with very 
humid air, then caused it to cool rapidly by expanding it. He noticed 
that the droplets formed most readily around ions. Since radioactive 
emissions ionize the air they pass through, the cloud chamber revealed 
their paths. 
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The cloud chamber became an important tool in the 1920s as 
Cavendish scientists developed improved ways of controlling and auto- 
mating its operation, and Wilson’s invention was recognized with the 
Nobel Prize in physics in 1927. While some physicists continued to use 
it to study radioactivity and collisions between nuclei and alpha particles 
or protons, others were discovering different applications. In particular, 
in 1930 at Caltech (the California Institute of Technology), Professor 
Robert Millikan (1868-1953; winner of the 1923 Nobel Prize in physics 
for a 1909 experiment that measured the electric charge carried by elec- 
trons) assigned a research student named Carl Anderson (1905-91) the 
task of developing a cloud chamber to study cosmic rays. The results, to 
be described in the next chapter, were remarkable. 


Stars, Galaxies, and Rockets 


‘Two discoveries in astronomy during the 1920s turned out to be par- 
ticularly important for the direction of physics later in the century. 
American astronomer Edwin Hubble’s (1889-1953) systematic survey 
of the sky led him to powerful conclusions. In 1927, after seeing distant 
galaxies in every direction, he realized that the Sun must also be part of 
a galaxy, and all the stars of the night sky are also part of that galaxy seen 
from the Earth’s vantage point. The Milky Way, which stretches across 
Earth’s night sky and gives the galaxy its name, is a band of distant stars 
at the galactic edge. As Hubble measured the spectra of other galaxies, 
he discovered that, with the notable exception of nearby galaxies such 
as the Andromeda nebula and the Magellanic clouds, the light of all the 
others was redshifted. The size of a galaxy’s redshift tells astronomers 
how fast it and the Milky Way are moving apart. Hubble discovered 
that more distant galaxies had greater redshifts than closer ones and 
thus were receding faster. Furthermore, the speed of recession was pro- 
portional to the distance: Comparing the redshift of two galaxies, one 
twice as far away from the Milky Way as the other, the more distant one 
was receding twice as fast; those three times as distant receded at three 
times the speed. 

In 1929, Hubble concluded that the proportionality between redshift 
and distance was evidence that the universe was expanding. Perhaps 
Einstein’s cosmological constant was not necessary after all. At that 
point in the century, it was still too soon to state that conclusion firmly. 
However, it was clear that Hubble’s discovery had opened up a whole new 
field of inquiry, now known as cosmology, or the study of the universe 
itself. 

Meanwhile, at Harvard University, Cecelia Payne (1900-79; later Payne- 
Gaposchkin) was working on her Ph.D. under the supervision of noted 
astronomer Henry Norris Russell (1877-1957). Her analysis of the solar 
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Understanding Wave Functions 


Erwin Schrödingers famous wave equation is 
based on a particular way of describing the 
motion of a body in a force field, such as a planet 
moving in the gravitational field of the Sun or an 
electron moving in the electric field of a nucleus. 
In both cases, the force field can be thought of 
as a conical well with curved sides of a particu- 
lar shape called a hyperbola. The body can be 
viewed as a ball rolling without friction along 
the inside walls of that well. Without friction, the 
body's total mechanical energy (potential plus 
kinetic) is conserved. 

Solving the equations of motions mathemati- 
cally, physicists find certain allowed paths that 
the body may follow, depending on its total 
mechanical energy. A mass of any size from a 
tiny grain to a giant planet, moving under the 
influence of the Sun’s gravity but without enough 
energy to escape the solar system, will follow 
an elliptical path. Mathematically, the mass is 
represented as a particle with a definite position 
and momentum at a definite time. The resulting 
solutions to the equations are ellipses of all sizes 
and elongations. Thinking in terms of a ball roll- 
ing along the inside of a well with curved walls, 
it can have a circular orbit if it stays at a particu- 
lar level. Or it can move inward and outward on 


an elliptical path, slowing down as it climbs the 
walls until it reaches its maximum distance, then 
speeding up as in moves inward. Eventually, it 
reaches a minimum distance where its speed is 
fast enough for it to climb outward again. More 
energetic particles move in larger ellipses, but 
all shapes and elongations of the ellipses, with 
all energies up to escape energy, are possible. 
(If the energy is greater than the escape energy, 
it follows a hyperbolic path that goes outward 
indefinitely.) 

However, in the quantum realm, physicists 
were finding that electrons could not be consid- 
ered particles. They could get away with describ- 
ing bodies orbiting the Sun as having a definite 
position and momentum because the quantum 
wavelength, according to de Broglie’s formula, 
was unimaginably smaller than the body itself. 
(The larger the momentum, the smaller the 
wavelength; so planets have much smaller wave- 
lengths than subatomic particles.) But electron 
wavelengths are comparable to the size of their 
orbits, which means their wave nature dominates 
within the atom. By representing the electrons as 
fuzzy wave functions instead of sharp particles, 
Schrédinger’s equation provided physicists with 
a way to determine the allowed orbits. They 


spectrum led her to the conclusion that the Sun was made primarily of 
hydrogen and helium. That conclusion conflicted with earlier research by 
Russell and other notable scientists, who had determined that the Sun con- 
sisted primarily of iron. So in 1925, when the time came for her to present 
her thesis (a book-length discussion of her research project) for approval by 
a committee of professors, she faced an unfriendly audience. They could 
not dispute that her conclusion was in agreement with her data, but they 
forced her to add a statement to the thesis that some other phenomenon 
was probably responsible. If she had defied them and insisted that the Sun 
was not mostly iron, she would not have been awarded the degree. 

That story sheds as much light on the secondary status of female 
scientists at that time as it does on the physics of stars. Had Cecelia 
Payne been male, it is unlikely that she would have been asked to back 
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Schrödingers equation describes particles by their wave 
functions, which means they cannot be precisely located 

in space nor can their momentum be precisely determined. 
Heisenberg’s matrix analysis produces the same conclusion in 
the form of the uncertainty principle. 
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found that only certain orbits and energy levels 
were possible. Corresponding to each orbit was a 
wave function that described the electron not as a 
particle having a definite momentum at a definite 
position but rather a wavelike entity with a certain 
probability of being measured in a given region. 
Likewise, the electron’s wave function yielded a 
certain probability of its momentum being within 
a certain range. 

In an atom, the possible wave functions were 
standing waves, like the tones of an organ pipe or 
a violin string. The wavelike electron is likely to be 
found anywhere in its orbital region. In intermedi- 
ate circumstances, such as in the case shown here, 
the electron still has wavelike properties, but the 
peak in the wave function makes it possible to treat 
it more like a particle. Chances are much greater 
that the electron will be detected near the peak of 
its wave function, but it is still possible to find it 
near one of the wave function’s tails. The impor- 
tance of this will become apparent in chapters 5, 
6, and 9. 


away from her conclusions. The treatment of her thesis is a black mark 
on Russell’s otherwise distinguished career. But to his credit, he later 
acknowledged his error and set about to repair the damage. As soon 
as he saw other research that bolstered Payne’s original conclusions, 
he became a powerful advocate of her work, which ultimately led to 
a deep understanding of the life cycle of stars and the origins of the 


elements. 


The 1920s will also be remembered for the birth of rocketry. Scientists 
in many countries were actively trying to develop chemical rockets, but 
Robert Goddard (1882-1945) of the United States is credited with the 
first successful launch in 1926. Rocketry would have profound implica- 
tions later in the century, both in military applications and civilian space 


exploration. 
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Scientist of the Decade: Wolfgang Pauli (1900-1958) 


Choosing a featured scientist from among all the 
notable physicists whose work contributed to 
quantum theory is not an easy task, especially 
since many of them continued to contribute to 
physics in later years. However, historical records 
and correspondence of that period leave little 
doubt that most physicists considered Wolfgang 
Ernst Pauli to be in a class by himself. 

Pauli was born in Vienna, Austria, on April 
25, 1900, the son of Wolfgang Joseph Pauli, a 
professor of physical chemistry at the University 
of Vienna, and Bertha Schütz Pauli, a newspaper 
correspondent from a prominent Vienna musi- 
cal family. Wolfgang Joseph, whose name was 
originally Pascheles, had grown up in a respected 
Jewish family from Prague. Religion was not 
important in his life, and he knew he would have 
an easier time in his academic career if neither 
his name nor his religious practice was Jewish. So 
he changed his name to Pauli and converted to 
Roman Catholicism when he became a professor 
in Vienna. 

Young Wolfgang was a brilliant student 
and often found his classes at the Döblinger 
Gymnasium less than challenging. When they 
became particularly dull, he would read Einstein’s 
recently published papers on general relativity. 
He published his first paper in a physics journal 
on that subject at the age of 18, two months after 





Wolfgang Pauli, discoverer of electron spin and the exclusion 
principle. His brilliance earned him a distinguished 
professorship while still in his twenties. (AIP Emilio Segrè 
Visual Archives, Goudsmit Collection) 


graduation. That fall, he began studying quan- 
tum mechanics with Arnold Sommerfeld at the 
University of Munich, who assigned the gifted 
student the task of writing an encyclopedia article 
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on relativity. He worked on the article while doing 
his doctoral research, completing his thesis in 
1921 and the 237-page encyclopedia entry two 
months later. Sommerfeld called it “simply mas- 
terful,” an opinion that Einstein shared. 

Later that year, Pauli joined the research group 
of noted professor Max Born at the University of 
Göttingen, also in Germany, where Born judged 
him “undoubtedly a genius of the highest order.” 
A year later, Pauli moved to Neils Bohr’s Institute 
in Copenhagen, Denmark. Both Bohr and Pauli 
loved a good argument about physics. They 
agreed that a critical conversation was the best 
way to refine an idea, and Pauli was quickly gain- 
ing a reputation as a critic who spoke his mind 
quite directly. Even after Pauli moved to Hamburg 
and then, at age 28, to a distinguished profes- 
sorship at the Swiss Technical University (ETH) 
in Zurich, he and Bohr conducted a remarkable 
correspondence, in which they continued to rely 
on each other for criticism. 

Pauli was not one to watch his sharp tongue 
when discussing work he viewed as substandard, 
and some of his comments are legendary. After 
reading a paper that he judged of little value and 
poorly written, he commented, “It is not even 
wrong.” And he once told another colleague, “| 
do not mind if you think slowly, but | do object 
when you publish more quickly than you think.” 
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Still, he was unfailingly honest in his opinions and 
often could see more deeply into a theory than the 
physicist who devised it. When it came to new 
ideas in quantum mechanics, no one considered 
the work complete without Pauli’s approval. Even 
when he was not present, they would ask each 
other, “What would Pauli think?” 

Pauli’s most significant contribution to physics 
was the exclusion principle, which still carries 
his name, but there was a running joke among 
physicists about “the Pauli effect.” If he showed 
up in a laboratory, equipment would fail inexpli- 
cably. Coincidences like that seemed to follow 
him, including at a memorable conference when 
other physicists had rigged a chandelier to come 
crashing down when he entered the room. The 
rigging got stuck, and the joke was on the ones 
who planned to play it. 

After joining the ETH, with the exception of 
five years at the Institute for Advanced Study at 
Princeton University during World War II, Pauli 
continued to live and work in Zurich until his 
death on December 15, 1958. Soon after that, 
physicists invented one last Pauli story. They 
described Pauli’s first meeting with God, in which 
he asked for an explanation for the value of a 
particular physical constant. God went to the 
blackboard and started writing. Pauli studied the 
equations and soon began to shake his head. 
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1931-1940: 
Particles and Politics 


As the 1920s ended and the 1930s began, the physics spotlight shifted 
from the theorists, who had developed quantum mechanics, to the exper- 
imentalists and observational scientists who were discovering the sub- 
atomic world. Meanwhile, the political skies were darkening in Europe 
as Adolf Hitler (1889-1945) and the National Socialist (Nazi) Party took 
power first in Germany and then in Austria. The party’s philosophy of 
racial purity was well known, but most intellectuals doubted Hitler could 
turn hatred of so-called inferior people and races into national policy. 

They were tragically wrong. The economic woes of the Great 
Depression and the humiliation of Germany’s defeat in the Great War 
left many ordinary Germans looking for a scapegoat. An undercur- 
rent of anti-Semitism—prejudice against Jews—had long simmered in 
Europe, so it was easy for Hitler to point the finger of blame at them. 
Anti-Semitic sentiments soon became law. Jews were barred from certain 
professions and stripped of many of their rights as citizens. In the face 
of Nazi intimidation and power, even those who held no ill will against 
Jews remained silent. By 1938, Nazi mobs were destroying Jewish homes 
and businesses, and the government was seizing Jewish property. In 1939, 
Hitler’s army began invading neighboring countries, and the world was 
once again at war. 

As had been the case 20 years earlier, the open culture of physics 
research was in conflict with nationalism. Many of the leading physicists 
in the German-speaking regions of Europe were Jewish (like Einstein) or 
had Jewish ancestry (like Pauli). As Hitler’s power grew during the 1930s, 
many of them fled to England, Scandinavia, or the United States. Those 
physicists who remained in Germany, including Heisenberg, had to 
accommodate their work to the goals of the Third Reich, as the German 
government came to be known. New technologies based on applications 
of physics took on profound importance for both sides as the world 
moved toward war. Perhaps the most significant discovery was nuclear 
fission, observed in a German laboratory and explained by a recently 
exiled member of the team, a Jewish-born woman physicist by the name 
of Lise Meitner (1878-1968). 
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Inside the Nucleus 


Wolfgang Pauli’s famous letter to the 1930 Tübingen conference (see 
chapter 3) was addressed directly to Lise Meitner and Hans Geiger and 
indirectly to the other “Radioactive Ladies and Gentlemen” in atten- 
dance. And although the attendees included the world’s greatest experts 
in experiments dealing with beta decay, not one of them was able to devise 
an apparatus to detect the elusive particles that he called neutrons. 

Still, if those undetected particles did not exist, physicists faced an 
even more desperate alternative: abandoning the law of conservation of 
energy at the subatomic level. Pauli’s proposal may have seemed outra- 
geous, but it was the best they had. So while experimentalists pondered 
how they might catch those tiny sprites of matter, theorists worked on 
refining their theories of beta decay in nuclei. 

As is often the case in science, the first hints of the solution came 
from work that seemed to be unrelated. For more than a decade, Ernest 
Rutherford had used the term neutron differently. His neutrons were not 
the tiny particles that Pauli had proposed but rather neutral particles 
comparable in mass to protons. In his theory, neutrons and protons 
accounted for the mass of a nucleus. Most physicists rejected that idea, 
believing that nuclei were composed of protons and electrons. The pres- 
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ence of electrons within the nucleus accounted for the phenomenon of 
beta decay, they said. Rutherford disagreed. He was still convinced that 
confining a proton and an electron within a minuscule nucleus would 
result in such an enormous electrical attraction that they would unite as 
a single neutral particle. 

A 1930 experiment by German physicist Walther Bothe (1891-1957) 
and his student Herbert Becker provided the first hint that Rutherford 
might be right, although they did not recognize it at the time. They 
bombarded the light metal beryllium with a beam of alpha particles 
and detected a highly penetrating neutral beam coming out. They 
presumed that beam to be gamma rays. The French husband-and-wife 
team of Iréne Curie (1897-1956; daughter of Pierre and Marie Curie) 
and Frédéric Joliot (1900-58) followed up the Bothe-Becker experi- 
ment. They, too, assumed the outgoing beam was gamma rays but were 
surprised to discover that it was able to knock protons out of paraffin, 
a compound rich in hydrogen. They published their results in January 
1932, and Rutherford’s colleague James Chadwick (1891-1974) at the 
Cavendish Laboratory immediately suspected that the beam was made 
of neutrons. To test this idea, he allowed the neutral emission to collide 
with hydrogen, helium, and nitrogen gases. By measuring the recoil of 
the molecules of those gases, he was able to determine the momentum 
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and energy transferred by the beam. The result was clear: The beam was 
composed not of gamma-ray photons but of electrically neutral particles 
with a mass comparable to that of a proton. For discovering the neutron, 
Chadwick won the Nobel Prize in physics in 1935, the same year the 
Joliot-Curies shared it for chemistry. 

The basic makeup of atoms was known at last. At the heart of an 
atom was a nucleus composed of protons and neutrons that determined 
its atomic number and atomic mass. Surrounding that nucleus were 
electrons that determined its chemical behavior. However, major ques- 
tions about nuclei still remained unanswered. What held them together; 
what caused some of them to emit alpha, beta, and gamma radiation; and 
where did the electrons of beta radiation come from? 

Before physicists understood the makeup of the nucleus, gravity 
and electromagnetism were sufficient to explain all known interactions 
between physical bodies. But a few simple calculations told them that 
the gravitational attraction among the protons and neutrons of a nucleus 
would be vastly overwhelmed by the much greater electrical repulsion 
between protons. There had to be a previously unrecognized nuclear 
binding force. 

That force might explain alpha decay: Sets of two protons and two 
neutrons might bind together with particular intensity and then break 
away as a unit from the parent nucleus. But it said nothing about 
beta decay. Italian physicist Enrico Fermi (1901-54), working at the 
University of Rome, was the first to come up with a theory about beta 
decay. It included Pauli’s “neutron,” which he called the neutrino, Italian 
for “little neutron.” He wrote a paper and submitted it to the British 
journal Nature in December 1933, but it was turned down as too specula- 
tive. The next year, it was published in two installments in the German 
journal Zeitschrift fiir Physik (which translates roughly as “Physics Times”), 
and it is generally regarded as the greatest work of one of the greatest 
physicists of the 20th century. The theory described beta decay as the 
transformation of a neutron into a proton by the emission of an electron 
and a neutrino. 

Fermi’s theory relied on a second previously unknown force, this one 
responsible for holding the neutron together. That force would cause the 
reverse of beta decay—the formation of a neutron from a proton, an elec- 
tron, and a neutrino—when those particles came close enough together 
to recombine. He realized that such recombination always had to hap- 
pen inside a nonradioactive nucleus. But within a radioactive nucleus, 
the electron and neutrino would sometimes escape. When they did, a 
proton would be left in place of a neutron, producing a daughter nucleus 
with less mass than the parent. The lost mass appeared as an equivalent 
amount of kinetic energy (according to Einstein’s famous equation) that 
was carried off by the electron and neutrino. The neutrino was necessary, 
Fermi explained, because quantum mechanics required not only energy 
but also spin to be conserved. A neutron has spin 1⁄2, as do both the elec- 
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tron and proton. Since the resulting particles had to have the same total 
spin as the neutron that decayed, another spin 2 particle had to be emit- 
ted. Consider the case where the decaying neutron had spin up. Then 
two of the three emitted particles would have spin up, while the third 
would have spin down, producing a net up spin of 1⁄2. 

Fermi’s proposed force was soon called the weak nuclear force because 
the force needed to hold the nucleus together was much stronger. At 
that point, no one had proposed a theory to explain the strong nuclear 
force, but physicists knew it had to be unusual compared to the well- 
understood electromagnetic and gravitational interactions. Gravitational, 
electric, and magnetic forces all decreased with distance according to an 
inverse-square relationship. If the separation between two interacting 
bodies doubles, the force between them drops by a factor of four (two 
squared). If their separation triples, the force decreases to one-ninth as 
much. Because electromagnetic and gravitational interactions between 
bodies are both inverse-square forces, the ratio between the two forces 
remains the same, no matter how close or far apart the two bodies are. 
For example, the electric repulsion between two protons always over- 
whelms their gravitational attraction. 

Because nuclei hold together, the strong nuclear force is clearly much 
stronger than electromagnetic forces when protons and neutrons (which 
together are called nucleons) are within nuclear distances. But at larger 
distances, electromagnetic forces must be stronger than nuclear forces. 
Otherwise all the nucleons in the universe would be drawn together 
into one giant nucleus. So the strong nuclear force must drop off more 
rapidly with increasing distance than an inverse-square relationship. 
Among the theoretical physicists trying to develop a theory to explain 
the strong force was Hideki Yukawa (1907-81) of Kyoto, Japan. In 1935, 


Relying on the principles 

of conservation of energy 

and momentum and adding 
conservation of spin, Enrico 
Fermi attributed the missing 
energy in beta decay to a very 
tiny, electrically neutral particle 
that he named the “neutrino.” 
Though neutrinos were not 
detected until the 1950s, indirect 
experimental evidence that they 
existed was strong. 


74 Twentieth-Century Science 


he proposed that the strong force was the result of nucleons exchanging 
subatomic particles of a kind not yet detected. The particles had a mass 
about one-seventh of a nucleon, or about 250 times that of an electron. 
Yukawa’s theory and its predicted particles were neither well known nor 
fully appreciated in Europe and America. As noted in the next section, 
that would soon change, thanks to some unexpected discoveries in cos- 
mic-ray research. 


New Subatomic Particles 


With the detection of the neutron and strong evidence that neutrinos 
were also real, physicists realized that the subatomic world was more 
complicated than they had imagined. Could the discoveries of those two 
neutral particles be the beginning of a trend? Research into cosmic rays 
in the 1930s would show that the answer to that question was a resound- 
ing yes! 

As noted in chapter 3, American physicist Carl Anderson at Caltech 
had begun his research into cosmic rays in 1930 as a student of the 
renowned professor Robert Millikan. Anderson soon emerged as one of 
the world’s leading cosmic-ray researchers. Unlike the earlier scientists 
who detected cosmic rays high above the Earth’s surface, Anderson built 
equipment to study them in a ground-based laboratory. Millikan had read 
about some interesting cloud chamber tracks in 1927-28 experiments by 
Dmitri Skobeltzyn in Leningrad, Soviet Union (now known by its origi- 
nal name of Saint Petersburg, Russia). 

Skobeltzyn had been studying the interaction of gamma rays with 
electrons. He placed his cloud chamber in a strong magnetic field, 
which caused electrically charged particles to curve. Charged particles 
created ions as they passed through the chamber, and when the pressure 
was suddenly reduced, tiny droplets of water vapor condensed around 
the ions, revealing the path the particles had followed. The direc- 
tion of curvature indicated whether they were positively or negatively 
charged, and the sharpness of the curvature allowed him to compute 
their momentum. The greater their momentum, the less they curved. 
Neutral particles did not create any ions, so they left no tracks. Besides 
noting the paths made by electrons, Skobeltzyn reported a few paths 
that were almost straight. Whatever was causing them was moving 
very fast. He speculated that the particles were electrons that had been 
struck by very high-energy cosmic gamma rays, but he was unable to 
say more than that. 

Anderson’s project was to build a cloud chamber that was able to study 
those high-energy particles. It would need much greater magnetic fields 
than Skobeltzyn’s. With the help of some engineers, he designed and 
built a very powerful water-cooled electromagnet. His first results came 
in 1932, and they were remarkable. Physicists had assumed that cosmic 
rays were mainly electrons knocked out of atoms by gamma rays from 
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outer space, but Anderson detected equal numbers of positive and nega- 
tive particles. At first, Millikan thought the positive particles were slow- 
moving protons. But slow-moving particles leave denser tracks than the 
ones Anderson was seeing. Anderson suggested that they were electrons 
moving upward rather than downward as they expected. The paths were 
visible, but there was nothing to tell the experimenters which way the 
particle had traveled. They needed better measurements to be sure. 
Anderson modified his experimental setup by adding a lead plate to 
slow down the particles as they passed through. That way, he could tell 
whether they were moving upward or downward. The result showed 
that neither Anderson nor Millikan was entirely correct, nor was either 
entirely wrong. The particles were positive and moving downward as 
Millikan had said, but, as Anderson had thought, they were much smaller 
and fast moving. How small? Their mass turned out to be the same as 
electrons. They were positrons, the antimatter counterpart of electrons 
that Dirac’s theory had predicted but that no one had expected to exist! 
For that discovery, Anderson shared the 1936 Nobel Prize in physics with 
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Victor Hess, who had confirmed the existence of cosmic rays by bravely 
riding to high altitudes in a hot-air balloon in 1912. 

The year 1936 was memorable for Anderson in another way. He and 
his colleague Seth Neddermeyer were studying cosmic rays in their cloud 
chamber when they observed a new kind of particle with a mass between 
that of the electron and the proton. They called it the mesotron to signify 
its intermediate mass. Mesotrons came in both positive and negative vari- 
eties, and both had the same mass, which was close to the value Yukawa 
expected for the particles in his theory. 

This discovery brought well-deserved attention to the Japanese 
theorist’s work, but the more Anderson and others looked at mesotrons, 
the less the particles fit Yukawa’s theory. If they were responsible for 
the nuclear force, they ought to have powerful interactions with nuclei, 
but no such interactions were seen. “Who ordered that?” American 
nuclear physicist Isidor I. Rabi famously asked when it became clear 
that mesotrons behaved like oversize electrons and positrons. ‘That 
question remained open until 1947, when Yukawa’s predicted particles 
were finally found (see the next chapter). The mesotron was renamed 
the muon, because scientists were calling Yukawa’s strong-force particles 
mesons. Later the term meson was extended to include a whole family of 
subatomic particles, including Yukawa’s, which were renamed pions or pi 
mesons. In 1949, Yukawa’s work was recognized with the Nobel Prize in 
physics. 


Particle Accelerators 


By the early 1930s, physicists were no longer satisfied with the high- 
energy particles from radioactive decay and cosmic rays that nature had 
to offer. They wanted to create more energetic particles and more intense, 
controllable beams for their experiments. At the Cavendish Laboratory 
in 1932, John Cockcroft (1897-1967) and Ernest Walton (1903-95) built 
a machine that created a high-energy beam of protons that could collide 
with other atoms and break their nuclei apart. Although Cockcroft and 
Walton became the first to split the atom, a machine devised and built the 
previous year by Berkeley physics professor Ernest Orlando Lawrence 
(1901-58) soon eclipsed that achievement. Lawrence called his device 
the cyclotron, and many of the great particle accelerators in use today are 
based on Lawrence’s original ideas. 

By the end of the decade, a number of cyclotron laboratories had been 
built around the world, and the race was on to build bigger and more 
energetic machines. Lawrence, who in 1939 won the Nobel Prize in 
physics for his invention (12 years before Cockcroft and Walton shared 
the same award), secured the funding to build a machine that he expected 
to create a beam of alpha particles so energetic that they would free 
Yukawa’s mesons from a nucleus. Because of World War II, his work was 
delayed. That was probably fortunate, because Lawrence was about to 


Chapter 4 | 1931- 1940 77 


Ernest Orlando Lawrence at 
the control table of an early 
cyclotron (AIP Emilio Segrè 





Visual Archives) 


hit a technological obstacle that could not be overcome without advances 
made during the war. 

The principle behind the cyclotron’s operation is fairly simple to 
explain. It consists of a pancake-shaped vacuum chamber separated into 
two D-shaped regions. Particles are injected into the chamber near its 
center at one side of the gap. The assembly is surrounded by a powerful 
electromagnet that creates a vertical magnetic field in the chamber. An 
alternating electrical source creates an electric field across the gap. Thus 
the gap behaves as a battery that reverses its polarity at regular intervals. 

Inside the cyclotron, the magnetic field causes the charged particles 
to follow circular paths. As they accelerate to higher speeds, they move 
in larger circles, but each circle takes the same amount of time. Taking 
advantage of that fact, Lawrence designed his machine so the frequency of 
the alternating current exactly matched the frequency of the charged par- 
ticles’ trips around the circle. An alpha particle that reached the positive 
side of the gap just as the electric field peaked would be accelerated across 
the gap and then go in a larger semicircle at higher speed around the other 
“dee.” It would reach the gap again just as the electric field peaked in the 
opposite direction and accelerate across to the first side. If there were 
1,000 volts across the gap, then after 1,000 crossings, it would be as if the 
alpha particle had been accelerated by 1 million (1,000 x 1,000) volts. The 
particle’s energy would increase with each loop until the radius of its path 
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was the same as the radius of the chamber. At that point, it would leave 
the cyclotron and head for its target. 

‘To give a particle higher energy, either the cyclotron would have to 
be bigger or the magnetic field would have to be stronger. (A higher 
magnetic field produces a tighter curvature at the same speed.) Another 
factor limiting the energy that the machine could deliver was due to rela- 
tivity. An energetic particle’s mass begins to increase notably as its speed 
becomes a significant fraction of the speed of light. At that point, much 
of the energy that the particle gains crossing the gap goes into increased 
mass instead of increased speed, and the particle takes longer to complete 
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a larger circle. The frequency of its circular motion no longer matches 
the alternating electric field. Each trip across the gap produces a smaller 
increase in energy than the one before it, and soon there is no increase 
at all. Until scientists were able to devise a way to synchronize the fre- 
quency of the alternating electric with the particle’s motion, the energy 
the cyclotron could deliver was limited by relativity. For Lawrence to 
build the powerful cyclotron he envisioned in 1939, he would need a new 
generation of accelerator technology, which became known as synchrocy- 
clotrons when they were finally built after the war. 


Artificial Radioactivity and Nuclear Fission 


Physicists typically build their careers around either experimental or 
theoretical work, but Enrico Fermi was adept in both. Having developed 
a theory that explained the phenomenon of beta decay, he turned to 
experimental work to illuminate the physical forces at work within the 
nucleus. 

Recent reports from the Joliot-Curie lab in Paris had piqued his curi- 
osity. They had been bombarding various elements with energetic alpha 
particles, and they created radioactive isotopes that had never before 
been seen. Fermi thought about what it took for that the process to work. 
Fermi realized that when alpha particles approach target nuclei, they 
experience very large repulsive electric forces. Unless they were heading 
for a near head-on collision, the alphas would probably be deflected away 
before they got close enough to cause nuclear transformations. The pro- 
cess had to be very inefficient. Since the idea was to probe inside nuclei 
with subatomic bullets, he decided that he would eliminate the electrical 
repulsion by using a beam of neutrons. 

A systematic scientist, Fermi started with hydrogen (actually water) 
and worked his way up the periodic table. He had nothing to show for 
his work and was nearly ready to give up after testing nitrogen, atomic 
number 7, but he decided to try one more. He skipped number 8, oxygen, 
since nothing had shown up in his experiments sending neutron beams 
into water, and he moved on to number 9, fluorine. This time, the neu- 
trons combined with a normal fluorine nucleus to produce a radioactive 
isotope. With that promising result under their belts, Fermi and his col- 
leagues began extensive research into the interaction of neutron beams 
with various nuclei. 

They soon had some peculiar results to explain. When bombarding 
silver, they observed more intense radioactivity when the target was on a 
wooden laboratory bench rather than a marble one. Fermi’s first thought 
was to put a wedge-shaped piece of lead between the source of the beam 
and the target. But something was troubling him, and he insisted that the 
lead had to be carefully machined. Then, without waiting for the lead to 
come back from the machine shop, Fermi acted on what he described to 
an interviewer as an impulse. He “immediately took some old piece of 
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paraffin and placed it where the lead was to have been.” The result was a 
strong increase in radioactivity. 

A few hours later, he had figured out what was happening. The neu- 
trons in the original beam were moving so fast that they would most 
often zip by without being captured. Bouncing a neutron off a heavy 
nucleus first, as in lead or the atoms in the marble table, would make 
little difference. It would change direction, but its speed would remain 
essentially the same, like a ball bouncing off a wall. However, paraffin 
and wood contain many hydrogen atoms. A neutron that hits a hydrogen 
nucleus—a proton—would behave like a billiard ball that hits another. 
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It could easily transfer most of its energy to the proton, slowing down 
enough for the silver nucleus to capture it. 

The paraffin or the wooden table acted as what nuclear scientists 
now call a moderator, transforming fast neutrons into slow ones. The 
phenomenon led to a new technique called neutron activation analysis that 
is still used today to determine the chemical and isotopic makeup of a 
substance. Fermi and his group laid the groundwork for that analytical 
method by studying the neutron bombardment of the entire periodic 
table of elements and measuring the radioactivity that resulted. When 
they bombarded uranium 238 nuclei (92 protons and 146 neutrons) with 
slow neutrons in 1934, the resulting radiation did not match anything 
they had seen before. In a 1935 publication, Fermi described three sepa- 
rate emissions, which he surmised were the result of decays from uranium 
239 (92 protons, 147 neutrons, produced from the capture of a neutron 
by uranium 238) and its radioactive successors. He theorized that the 
first decay produced a beta particle and a new radioactive nucleus with 93 
protons and 146 neutrons (later named neptunium). The second decay, 
also a beta, produced a nucleus with 94 protons and 145 neutrons (later 
named plutonium), which would then decay to uranium 235 by emitting 
an alpha particle. 

Fermi’s group was unable to do the chemical analysis necessary to 
demonstrate that they had indeed created nuclei of new elements. The 
new atoms would have to be separated from the much larger concentra- 
tion of uranium, and that would be difficult because of their presumed 
rapid radioactive decay into a different element with different chemical 
properties. The three emissions had half-lives—the time in which half 
of the nuclei decay—of 15 seconds, 13 minutes, and 100 minutes. Still, 
the results were so striking that Fermi was awarded the Nobel Prize in 
physics in 1938 for the discovery of new radioactive elements. Ironically, 
although Fermi richly deserved the prize since the neutron bombard- 
ments had surely produced the nuclei he described, the radioactive emis- 
sions he measured came from unknown radioactive isotopes of familiar 
elements produced by a different nuclear process—fission—that was still 
unknown. When the half-lives of uranium 239, neptunium 239, and plu- 
tonium 239 were finally measured, they were found to be 23.5 minutes, 
2.35 days, and 24,360 years, respectively. 

Another irony is that a German chemist named Ida Noddack 
(1896-1978) had criticized Fermi’s assumption that the radiation came 
from new elements above uranium in an article in the German journal 
Zeitschrift fur angewandte Chemie (Journal of Applied Chemistry). She 
argued that the uranium nuclei could have broken up into several large 
fragments instead. She did not have additional evidence to support her 
alternate hypothesis of fission (although she did not use that term), and 
her reputation had been tainted by an earlier incorrect claim to a signifi- 
cant discovery. Thus most people accepted Fermi’s explanation, and the 
discovery of fission went to others, as noted below. 
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Fermi’s research into transuranic elements stimulated a lot of research 
elsewhere, including in the Paris lab of Iréne Joliot-Curie. She and her 
Yugoslavian colleague, Pavel Savitch, were interested in the chemistry of 
those elements, so in 1938, they applied techniques of chemical separa- 
tion and analysis to the products of uranium that had been bombarded 
by neutrons. One of those radioactive products behaved chemically like 
the much lighter element lanthanum, atomic number 57, but it was obvi- 
ously not the stable isotope lanthanum 139. If this radioactive isotope was 
really lanthanum, it appeared that uranium nuclei were splitting approxi- 
mately in half. That peculiar result intrigued Lise Meitner, her longtime 
chemist colleague Otto Hahn (1879-1968), and a young analytical chem- 
ist coworker named Fritz Strassman (1902-80) in Berlin. 

Because of the growing oppression of Jews in Germany, Meitner had 
already made arrangements to flee to Scandinavia, and she had to leave 
before Hahn and Strassman could repeat the experiment of Joliot-Curie 
and Savitch. At about the same time, Fermi and his Jewish wife, Laura 
(1907-77), were escaping anti-Semitic laws that the Italian government 
of Benito Mussolini (1883-1945) had adopted after allying itself with 
the German Third Reich. After Fermi accepted the Nobel Prize in 
Stockholm, he and his wife did not return to Rome. Instead, they sailed 
directly to New York City, where he had been offered a professorship at 
Columbia University. 

Not long after Meitner left, Hahn and Strassman’s experiment began 
to yield interesting results. They isolated isotopes of a radioactive ele- 
ment that they knew was not radium—the half-lives of the various decays 
were too short—but had to be a close chemical relative. Further analysis 
by Strassman revealed it to be barium, which sits just below lanthanum 
on the periodic table. How could that be? Hahn wrote his physicist col- 
league a letter that described his excitement and puzzlement about the 
results. 

The letter reached Meitner in Sweden just before Christmas. She was 
pondering it when her favorite nephew and fellow physicist, Otto Frisch 
(1904-79), arrived on a holiday visit, eager to tell her about his work 
with Bohr in Copenhagen. She insisted he read the letter first. What 
could cause a uranium nucleus to split? Frisch had some thoughts, which 
they discussed on a walk in the snowy woods. Bohr had been doing some 
interesting work with a visiting young Russian theorist named George 
Gamow (1904-68) on the way a nucleus might be held together. They 
imagined it to behave like a liquid droplet that could elongate as the 
nucleons within it moved around. If it stretched enough, it might form 
two globules joined by a neck of fluid that held them together by surface 
tension produced by the strong nuclear force. 

Frisch reasoned that an additional neutron might cause the nuclear 
droplet to stretch so much that it could break in two. Then, without 
the strong nuclear force to hold them together, the two pieces, both 
having large positive electric charges, would repel each other and head 








in opposite directions with a huge amount of kinetic energy. That left 
another problem. Energy had to be conserved, so the increase in kinetic 
energy had to be accompanied by a decrease in energy of another form. 
The two physicists stopped walking, sat down against a tree trunk, took 
out some scraps of paper, and started to calculate. The Bohr and Gamow 
droplet model could indeed break into two smaller nuclei with some extra 
neutrons left over. When they computed the total mass of the resulting 
pieces, it turned out to be less than the mass of the original nucleus. And 
when that missing mass was multiplied by the square of the speed of light 
according to Einstein’s famous formula, the result accounted for the gain 
in kinetic energy. 


Lise Meitner and Otto Hahn, 
longtime collaborators and 
codiscoverers of nuclear fission, 
early in their careers (AIP 
Emilio Segrè Visual Archives) 
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Once Meitner and Frisch published their result and named the process 
nuclear fission, it did not take long for scientists and military experts to 
recognize the possible applications of their work. If a neutron emitted in 
the fission of one nucleus struck a second nucleus, it could induce that 
one to break apart also. A single fission event could trigger a chain reac- 
tion, releasing an unimaginable amount of energy. With the world on the 
brink of a major war, science had revealed a technique that might lead to 
a fearsome bomb. 


Other Developments in 1930s Physics 


‘Though subatomic phenomena dominated physics in the 1930s, very inter- 
esting work was taking place in other subfields of the science. Astrophysics 
was a particular hotbed of activity. In 1931, Indian-born British math- 
ematician and astrophysicist Subrahmanyan Chandrasekhar (1910-95) 
developed theories that described the life cycle of stars and predicted the 
existence of black holes decades before they were discovered. (He won the 
Nobel Prize in physics in 1983.) In a similar leap of insight in 1934, two 
European-born astronomers working in California, Fritz Zwicky (1898- 
1974) from Switzerland and Walter Baade (1893-1960) from Germany, 
predicted super-dense stars made completely of neutrons. Few scientists 
paid attention until 1967, when the first pulsar was discovered. Some 
people interpreted the pulsar’s regular fluctuation in intensity as a cosmic 
message from intelligent beings, but it turned out to be the first evidence 
of the existence of neutron stars. Another astrophysical advance came out 
of Cornell University, where in 1939 Hans Bethe (1906-2005) developed 
a theory that explained the nuclear processes that took place in the interior 
of normal stars as they passed through the various stages of their lives. 

Bethe, whose mother was Jewish, had fled his native Germany ear- 
lier in the decade. While still in Europe, along with Fermi, Dirac, and 
many other prominent theoretical physicists, he had been grappling 
with a major issue. They wondered how the theoretical foundations of 
electromagnetism as established by Maxwell could be adapted to the 
modern relativistic and quantum understandings of the physical world. 
Their work was significant, and it ultimately contributed to a successful 
theory of quantum electrodynamics (QED) in the 1940s. But their theoreti- 
cal approaches in the 1930s always got caught on mathematical snags. 
‘That work therefore earns only this brief mention rather than a detailed 
explanation in this book. 

Physics also contributed to significant developments in other fields 
during the 1930s. Chemist Linus Pauling (1901-94), who won Nobel 
prizes in chemistry in 1954 and peace in 1962, continued important work 
he had begun in the late 1920s on insights from quantum mechanics that 
led to a fuller understanding of chemical bonds. One type of bond occurs 
when one atom gives up its valence electrons, the ones outside the closed 
shells, to complete the outermost shell of another atom. That results in 
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an ionic bond—electrically bound ions with filled electronic shells. Covalent 
bonds result from atoms’ sharing of valence electrons to complete their 
electronic shells. In 1935, geologist Charles Richter (1900-85) developed 
his famous scale for measuring the intensity of earthquakes. And German 
engineers built the first successful jet plane in 1939. 

The emergence of quantum physics also led to important developments 
in condensed matter physics in the late 1920s and the 1930s, both theo- 
retical and technological. By then, quantum theory was well established 
at the atomic level, so several research groups in Europe and the United 
States sought ways to apply its mathematical techniques to electrons in 
crystals: repeating three-dimensional arrangements of atoms. Most solids 
are crystalline. Thus that work had broad application to understanding 
the physics of the solid state. In single atoms, such as hydrogen, quantum 
theory predicts certain allowed energy levels. In crystals, each atom has 
its own energy levels for electrons in the closed shells. For the remaining 
electrons, instead of a distinct set of allowed energy levels, there are two 
allowed energy bands with a gap between them. The lower-energy band 
is the called the valence band, and its electrons occupy quantum states 
that belong to individual atoms. The other is the conduction band, and 
its energy states belong to the crystal as a whole. In metals, the valence 
band does not have enough allowed quantum states to accommodate all 
the crystal’s outer electrons (those beyond the closed shells). Some of 
those go into the conduction band. They belong to no atom in particular 
and thus move freely, carrying electricity and energy with them. That is 
why metals are good conductors of electricity and heat. Insulators and 
semiconductors have room for all the outer electrons in the valence band. 
Their electricity- and heat-conducting properties depend on the number 
of unfilled quantum states in the valence band and the size of the energy 
gap between the two bands. 

In technology, probably the most significant quantum application was 
the first electron microscope, built in 1931 in Berlin, Germany, by Ernst 
Ruska (1906-88), who won the Nobel Prize in physics in 1986, and Max 
Knoll (1897-1969). The imaging power of a microscope is limited by the 
wavelength of the energy it uses to illuminate the sample being studied. 
The wavelength of visible light is thousands of times as big as atoms and 
molecules, so an optical microscope can reveal very little about the inter- 
nal crystalline arrangements of the atoms in solids. But high-energy elec- 
trons, according to de Broglie’s formula, have much shorter wavelengths 
and thus offer the potential to make images of crystal structures and to 
study the behavior of crystal defects and imperfections. In later decades, 
as its technology improved, the electron microscope became not only a 
laboratory device but also a very important industrial tool for the creation 
of high-technology materials and devices. 

Another interesting condensed-matter phenomenon was first observed 
in 1937 and 1938 by Russian physicist Pyotr Kapitsa (1894-1984), who 
won the Nobel Prize in physics in 1978. He reported the odd property 
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Scientist of the Decade: Lise Meitner (1878-1968) 


If professional accomplishments alone were the 
criteria for choosing a featured scientist, the choice 
for the 1930s would be Enrico Fermi. But the work 
of science can affect and be affected dramatically 
by social, political, and historical factors. And 
among the top physicists of the 1930s, there is no 
one whose life better illustrates the influence of the 
times in which she worked than Lise Meitner. 

Meitner’s story is not of the 1930s alone. In 
fact, by the time she and Otto Frisch developed 
the first theory of nuclear fission in 1938, she had 
passed her 60th birthday and had built a notable 
career in physics. And although the persecution 
she faced as a person of Jewish ancestry was part 
of a much larger horror that should never be mini- 
mized, it was not the only time in her life that she 
had to overcome discrimination to succeed. She 
was born female at a time, November 7, 1878, 
and in a place, Vienna, Austria, where the tradi- 
tional expectations for women were enforced by 
societal norms and sometimes in the law. 

Lise was the third of eight children born to lawyer 
Philipp Meitner and his wife, Hedwig. As in most 
educated, liberal, middle-class Jewish families of 
the time, they identified primarily as Austrians and 
were proud of the rich cultural heritage that Vienna 
had to offer. Lise was exposed to learning and the 
arts. Her older sister, Auguste (“Gusti”), was a musi- 
cal prodigy and became a composer and concert 
pianist. Lise also loved music, but her interest in 
mathematics and physics was compelling, even 
as early as age eight. Thus even though her public 
school education ended at age 14, as it did for all 
girls, Lise aimed for a university education. She 
read widely—the family joked about her always 
carrying a book—and with the help of a tutor she 
passed the entrance exams for the University of 
Vienna in 1901 at the age when many of her male 
counterparts were graduating. 

Fortunately, Lise had the opportunity to study 
physics with the legendary professor Ludwig 
Boltzmann (1844-1906), who “gave her a vision 
of physics as a battle for the ultimate truth, a vision 
she never lost,” according to her nephew and fellow 
physicist, Otto Frisch. She also learned from fellow 


students—especially Paul Ehrenfest (1880-1933), 
who became a noted theoretical physicist in his 
own right. Ehrenfest was impressed with Meitner’s 
detailed notes from Boltzmann’s lectures, and they 
often studied together. Meitner’s writings suggest 
that Ehrenfest’s interests in her may have gone 
beyond physics, but she was shy and naive and 
kept her focus on their studies. By 1905, she was 
not only proficient in theoretical physics, but she 
had also completed an original laboratory research 
project. She was the second woman awarded a 
doctorate at the university, and her diploma carried 
the highest possible honors, summa cum laude. 

The world of academic science was not particu- 
larly welcoming to women at that time, but Meitner 
loved her subject too much to let that stand in her 
way. She saw physics as more than scholarship and 
sought out mentors and colleagues who would 
relate to her on a human level. That was certainly 
the case when she left Vienna for Berlin to study 
with Max Planck. To Meitner, Planck seemed dubi- 
ous about women as professional scientists, but on 
the personal level, he was warm and welcoming. 
His twin daughters became her good friends, and 
she often enjoyed musical evenings at their home 
with their father on the piano and, on occasion, 
Einstein playing the violin. 

Often the other guests included Otto Hahn, 
a young chemist who had recently studied with 
Rutherford in Montreal. In contrast to Meitner’s 
natural reserve, Hahn was outgoing. She enjoyed 
his tenor voice and his friendship and thus eagerly 
agreed to join him in studying radioactive sub- 
stances. Her strength in physics was a natural 
complement to his expertise in chemical separa- 
tion, and he offered her a doorway to academic 
research. It was a basement door to an unpaid job 
(she lived on a modest allowance from her fam- 
ily), but it was a rare opportunity for a woman. 

Hahn worked in the University of Berlin 
Chemistry Institute, directed by 1902 Nobel Prize- 
winning chemist Emil Fischer (1852-1919). Fischer 
did not allow women in the institute, in part 
because he considered their hairstyles a fire hazard, 
but Hahn persuaded him to convert a former car- 


penter’s shop with an outside entrance into a work- 
space for Meitner. She was not allowed anywhere 
else in the institute and had to use a restroom in a 
nearby restaurant. When colleagues saw her with 
Hahn, their greeting was “Guten Tag, Herr Hahn,” 
as if she were nonexistent, and, given the social 
norms of the day, Hahn did nothing to correct them. 
But their friendship and collaboration flourished, 
though for the first 16 years they always addressed 
each other as Herr Hahn and Fraulein Meitner. 

Gradually, German universities became more 
welcoming for women. In 1909, women were 
accepted as students, and Meitner was allowed 
inside the other laboratories of institute, which 
had at last installed a ladies’ room. In 1912, 
Hahn earned a promotion and the leadership of a 
radioactivity research group in the Kaiser Wilhelm 
Institute of Chemistry, and he brought Meitner 
along as an unpaid guest physicist. At the same 
time, Planck offered her a paid position as his 
assistant to grade papers. 

A few years later, Fischer gave Meitner the 
same title as Hahn but with a much smaller sal- 
ary. In 1917, he gave Meitner her own physics 
section and raised her salary to match Hahn’s with 
the exception of a marriage allowance. And in 
1919, Meitner became probably the first woman 
in Germany to carry the title “professor.” During 
the 1920s, her laboratory became renowned for 
its work in beta decay. But, as described in this 
chapter, her most significant work (fission) was to 
come years later, just as her laboratory collabora- 
tion with Hahn was forcibly ended. 

For the first eight years of the Nazi govern- 
ment’s existence, Meitner had been protected by 
her Austrian citizenship. That changed when the 
Nazis took over the Austrian government in 1938. 
At that point, even though she had converted to 
Protestantism 30 years earlier, she was subject to 
the Nazi government's restrictions on Jews. She 
even lost her passport, which made arranging an 
escape particularly difficult. With the help of a 
colleague who bribed a Dutch border guard, and 
thanks to Hahn’s gift of an inherited diamond ring 
to ease her finances, she was able to spend a few 
months in Holland. Not long before the Nazis 
overran that country, she left for a less than ideal 
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Lise Meitner, a pioneer for women in science, visits with Bryn 


Mawr College students late in her life. (AIP Emilio Segrè 
Visual Archives) 


post in Stockholm. It was there that she received 
the momentous letter from Hahn that led her and 
Frisch to describe nuclear fission. 

She was invited to join the United States’s 
wartime nuclear program, but she refused to have 
anything to do with building a bomb. Because of 
that, she was the only significant nuclear physicist 
that the press could interview after the atomic 
bomb exploded over Hiroshima. Some report- 
ers even wrote (incorrectly) that she had taken 
the secrets of the bomb with her when she left 
Germany. That was particularly ironic because 
Hahn alone had been awarded the Nobel Prize in 
chemistry in 1944 for the discovery of nuclear fis- 
sion. In what must have seemed to Meitner a pain- 
ful reminder of the early days of her career, Hahn 
usually spoke as if the discovery was his alone. 

Still, Meitner maintained her friendship with 
Hahn as long as they both lived. She died on 
October 27, 1968, a few days before her 90th 
birthday, and was buried in a country churchyard 
near Cambridge, England, where she had retired 
eight years earlier to be near her nephew Otto 
Frisch. She did not live to see the naming of syn- 
thetic element number 109 Meitnerium in her 
honor. At about the same time, element number 
105 was officially named Dubnium after the city 
of Dubna, where it was discovered. For many 
years, it had been unofficially called Hahnium. 
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of liquid helium known as superfluidity. Just as a superconducting mate- 
rial loses all resistance to the flow of electricity through it at very low 
temperatures, liquid helium loses all viscosity—its resistance to flow. 
‘Thus the force of surface tension causes it to crawl up and over the wall 
of a container or through the tiniest hole. Theorists eventually explained 
both superfluidity and superconductivity as the result of quantum effects 
at the atomic level that manifest themselves on a much larger scale. 
Superconductivity will be discussed further in chapters 6 and 9. 
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1941-1950: 


Physics in a Time of War 


As the fifth decade of the 20th century began, the German military 
machine had taken over much of continental Europe, and the Japanese 
forces were asserting their dominance of Asia and the Pacific. Of the 
world’s major powers, only the United States remained officially neu- 
tral, although its government clearly opposed German and Japanese 
expansionism. On December 8, 1941, the day after Japan attacked the 
American naval base at Pearl Harbor, Hawaii, the United States declared 
war on Japan, which naturally led to an alliance with England, France, 
and the Soviet Union against Germany and its allies. The conflict had 
become World War II, and it was about to transform not only the lives 
of physicists but also the culture of their science. 
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As described in the preceding chapter, the 1930s were years of trans- 
formation for international physics as many physicists fled Hitler’s rising 
power. To those with Jewish roots or connections, it was literally a matter 
of life or death; others left because they were opposed to what the Nazis 
stood for, but the majority of non-Jewish German physicists remained. In 
the rest of Europe, physicists looked to the United States for its econom- 
ic and scientific opportunities. Its major universities now had research 
programs that rivaled or surpassed the great European laboratories and 
centers of learning. New American industrial research and development 
programs were also beginning to emerge. The center of gravity for phys- 
ics was moving westward across the Atlantic, and events of the 1940s 
would accelerate that movement of people and intellectual energy. 

Wartime technological needs drove scientific research and reinforced 
an already emerging trend toward expensive, “big science” projects 
requiring large, coordinated teams of people to build massive devices 
such as cyclotrons and nuclear reactors. Even without the war, the free- 
wheeling culture of the United States was better suited to that trend 
than the more tradition-bound European institutions. The marriage of 
physics and technology during the war led to an American dominance in 
both that lasted through the rest of the 20th century. By the late 1940s, 
the United States was the clear leader in nuclear technology, thanks to 
its wartime development of bombs based on nuclear fission (popularly 
known as atomic bombs). By the end of the decade, it had made consider- 
able progress toward thermonuclear fusion devices, or hydrogen bombs, 





Schwinger presents 
“renormalization” as an 
approach to handle infinities 
in earlier QED mathematics; 





Bjorkland 


he and Feynman show how 
detects 


their theories explain Lamb big bang as a derisive name 


shift, while Dyson shows 2 of a cosmological theory 
that their apparently different pa that he doubted 


Fred Hoyle coins the term 


neutral 






































methods are equivalent 
MILESTONES 
1948 1949 1950 
Shockley, Brattain, 1948-1949 
and Bardeen invent Goeppert-Mayer and Jensen develop 
the transistor theory that underlies the shell model 
of nuclear energy levels 











92 Twentieth-Century Science 


that would yield tens or hundreds of times as much energy as the first fis- 
sion devices. Even those fields where German technology had dominated 
before or during the war, jet aircraft and rocketry, became American 
strongholds, thanks in part to the 1945 surrender of the leading Nazi 
rocket scientists, most of whom deliberately arranged to be captured by 
forces of the United States rather than its emerging major global com- 
petitor, the Soviet Union. 

Another critical wartime technology was radar, with important 
developments in both the United States and England. Many historians 
consider that technology to have been far more important to the war 
effort than either rocketry or the bomb. American leadership there led 
to dominance in electronics in the decades to follow. But this book is a 
history of physics, not technology or politics. Thus while acknowledging 
the importance of politics and technology in providing direction to phys- 
ics research in the period 1941-50, its focus remains on the science itself, 
including the emergence of a brash young physicist from Far Rockaway 
on the outskirts of New York City named Richard Feynman (1918-88), 
who not only contributed to the war effort but also laid the groundwork 
for a reinterpretation of electromagnetism according to the principles of 
quantum theory. 


QED: Quantum Electrodynamics 


For physicists, grasping the significance of the quantum universe did not 
come easily. Like Einstein’s relativity in the early decades of the century, 
quantum theory was challenging their instincts and the fundamental 
premises of their science. By the beginning of the 1940s, however, the 
success of the new theory was undeniable. Physicists had to accept the 
strange but profound quantum view of the universe. They could no lon- 
ger draw a sharp distinction between particles and waves. They had to 
accept inherent limits on the precision of physical measurements and on 
the mathematical predictability of the universe. As much as some would 
have preferred the familiar clockwork universe of the late 19th century, 
they understood that their science is not about making rules to dictate the 
behavior of the universe. Rather, it is about observing the universe and 
deducing the rules that govern its behavior. 

One 19th-century theory had still not been fully reshaped to fit the 
new reality: electromagnetism. As noted in the preceding chapter, a num- 
ber of prominent European physicists had made progress toward a theory 
of quantum electrodynamics, or QED, but none had been able to finish 
the job. QED was clearly in need of a groundbreaking idea. Such dramat- 
ic innovations in scientific thought almost always arise from the minds of 
the youngest scientists, since they are not yet bound by older concepts. 
That is certainly true of 20th-century theoretical physics. Einstein, Bohr, 
de Broglie, Pauli, Schrédinger, Heisenberg, Dirac, and many other pio- 
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neers of quantum physics were in their twenties when they did their most 
celebrated work. And in almost every case, their innovation was based on 
a new way of looking at well-known physical phenomena. So it was no 
surprise that an important breakthrough came in 1942 from the research 
of Richard Feynman, a 24-year-old physics graduate student at Princeton 
University. 

Feynman provided a way around a troubling mathematical feature in 
previous attempts to describe electromagnetic effects in quantum terms. 
Maxwell’s equations had successfully unified the theories of electricity, 
magnetism, and light, but those 19th-century formulas were based on 
the assumption that electrical charge and light energy were continuous 
quantities, meaning that they could be measured out in any amount like 
a liquid. Twentieth-century studies of subatomic particles and spectra 
had shown that assumption was not valid. Both electric charge and light 
energy come in quantized chunks, like grains of sand. 

Physicists applying quantum mechanics and relativity to electromag- 
netism had been remarkably successful—but not perfect—in describing 
the properties and behavior of electrons. The trouble with their calcula- 
tions lay not in the theories or equations but rather in the mathemati- 
cal model describing the way electrical charge is distributed within the 
electron. The calculations include a mathematical expression for a quan- 
tity called the electron’s self-energy, which results from the electron’s 
charge interacting with its own electromagnetic field. The self-energy 
depends on the details of the model of the electron’s charge distribution. 
Unfortunately, when the requirements of relativity are introduced into 
that model, the self-energy term is always infinity, which makes numeri- 
cal calculation meaningless. 

Feynman’s insight was to create a new formulation of quantum 
mechanics. His method focused not on the Schrödinger and Dirac equa- 
tions but rather on the different underlying processes that could lead 
to observed events. Consider, for example, an electron that moves from 
point A at one time to point B at another, changing its momentum in the 
process. That transition can result from many different interactions with 
photons. Feynman’s insight was to find a way to add together all possible 
interactions, producing what physicists call the probability amplitude of 
the transition. This technique replaced quantum mechanical wave func- 
tions with sets of diagrams of particle interactions, yet yielded the same 
transition probabilities. 

Elsewhere in Princeton, Albert Einstein was particularly pleased when 
he learned of the new approach from John Archibald Wheeler (1911- ), 
Feynman’s research adviser. Einstein had often criticized the quantum 
mechanical description of particles as wave functions, because it forced 
physicists to accept a degree of randomness in the laws of physics. “God 
does not play dice with the Universe,” he would say. Feynman’s approach 
produced the same degree of randomness in the results, but it resulted 
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from a set of predictable interactions. Einstein told Wheeler, “I still can- 
not believe that God plays dice, but maybe I have earned the right to 
make mistakes.” 

Feynman’s thesis did not produce a complete QED theory imme- 
diately, but it laid the groundwork for one that was completed later in 
the decade, after an interruption that diverted Feynman’s attention to 
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a more pressing matter: the development of the atomic bomb. After 
the war, Feynman became a professor at Cornell University, where he 
resumed work on QED. At an invitation-only conference at a resort on 
Shelter Island, New York, attended by 25 leading physicists during the 
summer of 1947, Willis Lamb (1913— ) of Columbia University pre- 
sented results of his very careful measurements of the spectrum of atomic 
hydrogen (different from molecular hydrogen, which is composed of two 
hydrogen atoms bonded together). His experiments revealed a minus- 
cule splitting of spectral lines that was traced to a difference in energy 
between two different quantum states. This difference became known 
as the Lamb shift and led to the 1955 Nobel Prize in physics for Lamb. 
It forced physicists to reconsider quantum theory. Dirac’s equation pre- 
dicted that the energy of those two states should be exactly the same. Any 
difference, no matter how small, was hugely important to understanding 
the subatomic world. 

Could the latest work on QED explain the Lamb shift? Feynman and 
other theorists at the conference, including another New Yorker of about 
Feynman’s age named Julian Schwinger (1918-94), had some thinking 
to do. At an American Physical Society meeting the next year and at 
another invitational conference in Pennsylvania’s Pocono Mountains, a 
mathematical explanation slowly emerged. At the Pocono conference, 
Schwinger, a professor at Columbia University, made a brilliant presen- 
tation full of advanced mathematics. Math was a language that everyone 


Willis Lamb (left), Richard 
Feynman (seated, center), Julian 
Schwinger (right), and others 
discuss details of the hydrogen 
spectrum at Shelter Island 
Conference in the summer of 
1947. (AIP Emilio Segré Visual 
Archives) 
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in attendance understood, but the computations were so complex and 
detailed that few could follow him through to the end. Still, they recog- 
nized that his innovative approach, called renormalization, brilliantly hid 
the infinities of the self-energy calculations and allowed him to calculate 
the energy levels of atomic hydrogen. His result reproduced the Lamb 
shift. If only the mathematics were less complicated and more clearly 
connected with physical phenomena, Schwinger’s approach to QED 
would gain widespread acceptance. 

Feynman’s presentation followed. His pictorial approach had the vir- 
tue of being straightforward and clearly tied to physical phenomena, but 
to the mathematical thinkers in the audience, it was as if he were speaking 
in a foreign tongue. He deduced the solutions directly from his diagrams 
without using equations. So although he, too, managed to come up with 
the Lamb shift from his theory, the attendees favored Schwinger’s com- 
plicated but recognizable approach to Feynman’s simpler but unfamiliar 
method. Everyone recognized that both Schwinger and Feynman had 
made significant progress, but few were satisfied that either had devel- 
oped a complete working theory of QED. It took the insights of someone 
not in attendance at either conference to put the two theories together. 

That person was the young Englishman Freeman Dyson (1923-_ ), 
who in 1947 had come to the United States from Cambridge University 
to study with Bethe at Cornell. One of his Cambridge mentors described 
him as “the best mathematician in England,” so it was no wonder that 
he was interested in tackling QED. After reading Wheeler’s notes from 
Schwinger’s and Feynman’s presentations at the Pocono conference, 
he was eager to learn from both of them. He signed up for a summer 
seminar on QED that Schwinger was planning to offer at the University 
of Michigan. At Cornell, he took every opportunity he could to talk to 
Feynman, who had become a close friend as well as a teacher. 

As summer began, Feynman invited Dyson to ride cross-country with 
him to Albuquerque, New Mexico. Feynman’s objective was to pursue a 
girlfriend and to have a few adventures along the way. (For details, see 
the profile of Feynman on page 108). Dyson knew he could get in some 
touring, which was high on his agenda for his summer, and still have 
plenty of time to pick Feynman’s brain about his diagrams and QED. 
He quickly agreed. From Albuquerque, he took a Greyhound bus to Ann 
Arbor, Michigan, for more sightseeing and Schwinger’s seminar. 

Both legs of the trip accomplished what Dyson had hoped for. With 
his brain filled with Feynman diagrams and Schwinger’s equations of 
QED, he needed a vacation. He boarded a westbound Greyhound, spent 
some time in San Francisco and Berkeley, California, then headed back 
east again. He had not thought much about QED for two weeks, but 
suddenly, somewhere in Nebraska, insight struck. Feynman’s pictures and 
Schwinger’s equations came together in his mind. He realized that both 
approaches were built on the same ideas, and he saw a way to combine 
them into a mathematically precise theory of QED built on insights clear 
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enough to represent in diagrammatic form. When Dyson presented his 
ideas at a meeting of the American Physical Society in January of the next 
year, 1949, he became a physics celebrity. 

Schwinger, Feynman, and Dyson soon found themselves sharing the 
QED spotlight with another physicist, Sin-Itiro Tomonaga (1906-79) of 
Japan. While World War II had interrupted Feynman’s work, Tomonaga 
was able to continue his work at Riken Kenkyusho, the Institute for 
Physical and Chemical Research in Tokyo. The director of Riken, Yoshio 
Nishina (1890-1951), who had studied in Europe at the height of the 
development of quantum mechanics, encouraged Tomonaga’s work on 
QED and protected him from military service. The result was a series 
of papers in the Japanese journal whose name translates to “Progress 
in theoretical physics.” Those publications laid out the same ideas for 
QED that Schwinger used as the basis of his detailed mathematical 
approach. That was in 1943, four years before Lamb’s important discov- 
ery and five years before Schwinger’s publication. Because of the war, 
‘Tomonaga’s work remained unknown outside of Japan. He did not even 
recognize its importance until he read about Lamb’s work in Newsweek 
magazine in 1948. At that point, he contacted J. Robert Oppenheimer 
(1904-67), who had led the scientific efforts of the U.S. atomic bomb 
project. Oppenheimer recommended that Tomonaga submit a summary 
to Physical Review, which brought his work to the attention of American 
scientists. 

Tomonaga was asked to be a participant in the next invitational confer- 
ence on QED in 1949, and in 1965, he shared the Nobel Prize in physics 
with Schwinger and Feynman. Because no more than three people can 
share a Nobel, Dyson, despite his major contributions to QED, was not 
included. 


Nuclear Fission, “Big Science,” and the Bomb 


With the world at war, understanding and applying nuclear fission became 
a top priority for all combatants. Although the early studies indicated that 
a chain reaction was possible in theory, it was not clear how to cause one 
in practice. As this section recounts, a number of technological obstacles 
had to be overcome to build a bomb. From the perspective of history, 
science is a brash newcomer compared to technology. Technology is 
older than civilization itself. In contrast, the systematic practice of sci- 
ence began only a few hundred years ago. However, by the mid-20th 
century, science and technology were clearly interdependent. Engineers 
and technologists were applying scientific knowledge in their work, and 
many scientific quests required the engineering of complex equipment. 
Like most major trends in history, it is difficult to place the beginning 
of “big science” precisely in time, but the development of the cyclotron 
in the late 1930s is surely an early example. If particle accelerators mark 
the birth of big science, then the development of the first nuclear bomb 
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in the early to mid-1940s represents its adolescence, and the remainder of 
the 1940s and 1950s can be described as its young adulthood. The bomb 
project required a vast array of talents, plus skilled management to coor- 
dinate those talents. New knowledge had to be applied almost as quickly 
as it was developed, which meant that physics and physicists were central 
to the bomb-building enterprise on all sides of the global conflict. 

In the United States, the atomic bomb project began before the coun- 
try entered the war. In the summer of 1939, physicists Leo Szilard (1898- 
1964), Eugene Wigner (1902-95), and Edward Teller (1908-2003), all of 
whom had fled their native Hungary for the United States to escape the 
Nazi threat, drafted a letter that urged President Franklin D. Roosevelt 
(1882-1945) to begin a major effort to develop a bomb. They persuaded 
Einstein, who normally leaned toward pacifism, to sign it. A year later, 
a small organization called the Advisory Committee on Uranium, began 
to function. After the Pearl Harbor attack, the U.S. government quickly 
escalated its efforts. The highly classified Manhattan Project brought 
together many different research activities and focused them on building 
atomic bombs. 

Research into chain reactions had already been under way in a number 
of laboratories. For a chain reaction to occur, an average of at least one 
neutron from every fission event would have to cause another fission. By 
the beginning of the 1940s, physicists knew that naturally occurring ura- 
nium could not sustain a chain reaction. Natural uranium consists mainly 
of two isotopes. The most common, comprising 99.27 percent of all the 
atoms, is designated 73°U, because its 92 protons and 146 neutrons give 
it an atomic mass of 238. Almost all the remaining atoms are 73>U. These 
two isotopes behave very much the same in chemical reactions, but their 
interactions with neutrons are quite different. Fission of a 73°U nucleus 
can occur, but it is so rare that a chain reaction is out of the question. 
Most of the time, when a neutron interacts with a 73°U nucleus, it just 
bounces off, and sometimes it is absorbed to create a short-lived 239U 
nucleus. The 7?°U nucleus quickly decays by emitting a beta particle to 
become a neptunium (7?’Np), which in turn decays by emitting another 
beta particle to become plutonium, ?3°Pu. Fission occurs much more fre- 
quently when a neutron hits a 7?°U nucleus. That event yields two more 
or less equally sized smaller nuclei as well as about three extra neutrons 
that could potentially cause other fission events. However, Fermi’s work 
had shown that fast neutrons, like those produced by fission, rarely inter- 
acted with uranium nuclei. Without a moderator to slow them down, 
most of them simply escaped into the outside world. 

Once physicists understood the different behavior of the two main ura- 
nium isotopes, they realized that there were two routes to a uranium chain 
reaction. One was to make a nuclear reactor or “pile,” an arrangement of 
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A chain reaction occurs if an 
average of at least one neutron 
from each fission event causes 
another nucleus to undergo 
fission. If the average is exactly 
one, the process continues to 
release energy steadily, as in 

a nuclear power plant. If the 
average is greater than one, the 
number of fissions will grow 
very quickly and release an 
enormous amount of energy in a 
very short time—a bomb. 


pieces of uranium and a moderator. Fast neutrons from the fissions in one 
piece of uranium would be slowed down by the moderator, then enter 
another piece of uranium where they would cause more fissions. Fission 
neutrons could be lost by escaping the pile or by being absorbed by other 
nuclei, such as 738U, without causing fission. The key was to develop an 
arrangement in which a large enough fraction of neutrons produced in 
fission went on to cause another fission. This was the approach Fermi 
took at Columbia. The pile was much too large and complex to be devel- 
oped as a weapon, but it was very valuable to make measurements that 
increased physicists’ knowledge of the properties of uranium nuclei and 
the fission process. It also turned out to be a forerunner of the nuclear 
power industry, although the researchers’ focus was on other applications 
at the time. 
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The other approach to a chain reaction possible was to separate “fis- 
sile” 5U nuclei from natural uranium. Calculations showed that even 
without a moderator, fast neutrons in nearly pure 73°U had a good chance 
to cause another fission. The key was having a large enough piece of 
uranium so that a neutron was likely to encounter several 73°U nuclei 
before it reached the surface, where it could escape. The larger the piece 
of uranium, the more likely a neutron would be to cause a fission and the 
less likely it would be to escape. Physicists therefore spoke of a “critical 
mass” for a chain reaction to occur. For pure 73°U, the critical mass was 
only about 10 kilograms (roughly 22 pounds), small enough that it could 
easily be put it in a bomb. Plutonium 239 also underwent fission eas- 
ily, but making it in sufficient amounts from 738U required a controlled 
chain reaction in an atomic pile, followed by chemical separation. The 
Manhattan Project included research into both uranium and plutonium 
bombs. 

The two uranium isotopes could not be separated chemically, so 
scientists and engineers developed a technique to separate them physi- 
cally. It required a huge gaseous diffusion plant. The technique works 
because uranium reacts with fluorine to produce a gas called uranium 
hexafluoride, or UF,. Just as gravity can separate the oil and vinegar 
in a salad dressing into layers, passing the UF, gas through a diffusion 
column separates the molecules containing the lighter 3°U isotope from 
those containing the heavier 738U. (Current technology uses centrifuges 
instead of diffusion columns.) The separation is not nearly as complete as 
in salad dressing, because, unlike vinegar and oil, the gas molecules tend 
to stay mixed. Also, the fraction of 735U molecules in natural uranium is 
very small to begin with. Thus achieving high purity of 73>U in the gas 
is a multistep process. 

Once the war was under way, the U.S. government began the construc- 
tion of a plant to make 73°U in Oak Ridge, Tennessee. Like all activities 
under the umbrella of the Manhattan Project, few people knew its exact 
purpose, though it was impossible to hide the existence of a project of that 
scale. The Manhattan Project also funded a major project at the University 
of Chicago under the leadership of Arthur Compton (1892-1962). The 
object there was to build a “critical assembly,” an atomic pile capable of 
achieving a controlled chain reaction. Compton’s previous work, as well 
as Fermi’s at Columbia, were on subcritical piles. The Project consoli- 
dated the efforts of the two groups in Chicago, so Fermi reluctantly left 
Columbia in 1942 to pursue the next stage of his research. Later that year, 
in the so-called Metallurgical Laboratory in a squash court underneath 
the stands of the University of Chicago’s football field, he made history 
with the world’s first controlled nuclear chain reaction. 

The most secretive part of the Manhattan Project took place in 
Los Alamos, New Mexico. That was where the bomb itself was being 
developed, with Oppenheimer taking the scientific lead. Bethe led the 
theoretical physics group, which soon included Feynman, who had just 
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finished his breakthrough Ph.D. thesis. He was to become Bethe’s col- 
league at Cornell after the war. Although the nuclear calculations were 
the newest physics to be used in building a bomb, other calculations 
were also important. How would the bomb be detonated? The device 
would have to contain a critical mass of uranium, but divided so that the 
chain reaction would not begin until the pieces came together. Then, 
when the chain reaction began, how would the pieces of uranium stay 
together? If the bomb blew itself apart too quickly, the chain reaction 
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would stop before most of the energy was released. The solution was 
to use conventional explosives to drive the pieces of uranium together 
at high speed. Every change in the nuclear calculations would lead to 
changes in the engineering design of the bomb, including its shape, and 
that would change its trajectory once it was dropped. Teams of physicists 
using mechanical calculators predicted everything they needed to know 
about every possible design of the bomb. Some used newly developed 
electronic computers with the latest in vacuum tube technology, built 
especially for them. (The first commercial electronic computers did not 
appear until 1946.) 

Finally, in the New Mexico desert on July 16, 1945, the first atomic 
bomb was tested successfully. The war in Europe had ended in the spring, 
but fighting was continuing in the Pacific. The leaders of the United 
States decided that the quickest way to end the war was to use the bomb. 
It took two attacks to persuade the Japanese to surrender: a uranium 
bomb that devastated Hiroshima on August 6 and a plutonium bomb that 
did the same to Nagasaki three days later. 

‘The American nuclear program did not end after the war. Though the 
terrible human toll in Hiroshima and Nagasaki horrified many scientists 
and led them to advocate pacifist or antinuclear causes, others saw further 
developments of nuclear weapons as necessary for their country’s leader- 
ship and survival in a hostile world. Teller, especially, became an articulate 
and passionate advocate of the next generation of nuclear weapons: the 
so-called hydrogen bomb. The source of that weapon’s power would be 
nuclear fusion, which releases energy when smaller nuclei like hydrogen 
combine to form larger nuclei, like helium. That phenomenon powers 
the Sun and stars. Ironically, Bethe, one of the staunchest postwar antinu- 
clear advocates, was the author of many important theoretical papers on 
fusion reactions, beginning while he was still in Germany in the 1930s. 
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He was awarded the Nobel Prize in physics for his contributions to the 
theory of nuclear reactions in 1967. By then the hydrogen bomb was 15 
years old, and the world was in the midst of a thermonuclear arms race. 

Other countries also had secret nuclear programs during the war, 
but none of them was as large and sustained as the American program. 
The Japanese navy worked on a nuclear reactor to power its warships 
but soon backed away when the cost seemed too high and the benefits 
too uncertain. Nishina led a group studying 735U separation at the 
University of Tokyo, but their progress was slow. The Soviet Union had 
a much smaller version of the Manhattan Project. Their “Laboratory No. 
2,” had 74 employees, including 25 scientists, in contrast to the 2,000 
people working at Los Alamos. Although they were still far from having 
a bomb when the war ended, they continued their bomb-making efforts 
with both research and espionage. In the 1950s, their weapons program 
emerged as a significant rival to American nuclear superiority. 

The failure of Germany’s nuclear weapons program continues to fas- 
cinate historians. In the early years of the war, with Heisenberg’s leader- 
ship and the work of many brilliant physicists and engineers, progress in 
Germany toward 7?°U separation may have matched that in the United 
States and Britain. However, after 1942, the leaders of the German war 
machine turned their interest elsewhere, and Heisenberg focused the 
program on nuclear reactors instead. Had they known the extent of 
the American progress toward purifying 7>U, their choices might have 
been different. Captured after the war, many German scientists claimed 
to have failed deliberately because the device’s destructive power was so 
fearsome, but that was most likely a face-saving explanation contrived to 
make them look good and to justify their actions. 

The historical verdict is that the Third Reich was among the most 
evil governments ever to rule a nation, but the German nuclear scientists 
who worked for that government have been judged more charitably. 
Most of them, Heisenberg included, were never members of the Nazi 
party or supporters of its ideology. They saw themselves as loyal citizens 
using their considerable talents in their country’s cause. In that sense, 
their motivations were not very different from most of the Manhattan 
Project physicists who succeeded where the Germans did not. Still, even 
if they did not know about the Nazi death camps, they were aware of 
their government's brutal laws and actions against Jews and other people 
deemed to be inferior or defective. Sixty years later, people still debate 
about what the scientists should have done under those circumstances. 
And people still wonder what the world would be like if the race to build 
the bomb had turned out the other way around. 


Cosmic Rays and Subatomic Particles 


Feynman’s approach to QED had an interesting element in common with 
Yukawa’s theory of the strong nuclear force. Both recognized that the 
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quantum uncertainty principle put the law of conservation of energy in a 
new light. In Feynman’s theory, photons or other particles could flicker 
into and out of existence. As long as the product of the lifetime and the 
energy (or mass) of those “virtual” particles is less than Planck’s constant, 
their existence does not violate the uncertainty principle. Energy may not 
be conserved for an instant, but the uncertainty principle states that there 
is no way to detect that. As shown in the Feynman diagram illustration on 
page 94, these virtual events must be included in QED computations. In 
his theory of the strong force, Yukawa applied a similar line of thinking. 
He realized that confining a particle to a nucleus imposes a very small 
uncertainty in its position. That yields a correspondingly large uncer- 
tainty in its momentum—and thus its energy or mass. That was how he 
determined the mass of the theoretical mesons that are exchanged in the 
strong nuclear interactions between nucleons. 

In Yukawa’s theory, those mesons are like Feynman’s virtual photons. 
They exist and then disappear so fast that it is impossible to measure any 
increase in nuclear mass. However, if the nucleus undergoes a sufficiently 
energetic collision, some of that energy could shake a meson loose where 
it could be detected. Events of that sort might take place in cyclotrons 
or at the upper limits of Earth’s atmosphere where high-speed particles 
from space were generating cosmic rays. Particle-detection techniques 
were constantly improving, including new photographic emulsions that 
were sensitive to the ions produced by electrons and other subatomic 
particles passing through. When the film was developed, the paths of 
particles were revealed as dark tracks. In 1947, physicists Cecil Powell 
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(1903-69) and Giuseppe Occhialini (1907-93) from Britain’s Bristol 
University took some photographic plates with an advanced emulsion 
to a cosmic-ray laboratory high in the French Pyrenees Mountains 
and made a stunning discovery. They saw short tracks from particles 
of a previously unknown type. Their masses were somewhat larger 
than the mesotron, the oversize electron discovered by Anderson and 
Neddermeyer in 1937 (see the preceding chapter). Where a track from 
one of those particles ended, another track began in another direction. 
Powell and Occhialini recognized the new track and concluded that the 
first particle had decayed into two pieces: a mesotron and an electrically 
neutral particle that left no trail. It quickly became clear that the original 
particle was the meson predicted by Yukawa’s theory, which was expected 
to decay into a mesotron and a neutrino. 

As the Bristol Group was discovering Yukawa’s meson, George 
Rochester (1908-2001) and Clifford Butler (1922-99) at Manchester 
University were puzzling over two odd cloud chamber observations, one 
from the previous October 15 and one from May 23. Ultimately, these 
were recognized as particles with slightly more than half the mass of a 
proton. The term meson, meaning a particle with mass was intermedi- 
ate between an electron and a proton, suddenly covered more territory 
than anticipated. The particles found by Rochester and Butler, like those 
detected by Powell and Occhialini, responded to the strong nuclear force. 
The mesotron did not. It was time to clarify terminology. Eventually, the 
mesotron became known as a muon, and the name meson was given to 
a class of particles including the renamed pions (or pi mesons), found by 
the Bristol scientists, and the kaons (K mesons), found by the Manchester 
group. 

The kaon observations found particles not only with positive and 
negative charges but also a slightly heavier neutral kaon. Powell and 
Occhiliani did not find neutral pions, even though Yukawa’s theory pre- 
dicted their existence. That hole in the theory was filled in 1949, when R. 
Bjorkland and colleagues detected the neutral pion in Berkeley’s newest 
cyclotron. It was no wonder that the particle proved so elusive. Not only 
was it neutral, which meant that it could only be found as a result of its 
decay, but it also lived only a hundred-millionth as long as its charged 
pion siblings. 

Clearly, the new accelerators and detection techniques had set the 
stage for more particle discoveries. Those discoveries would continue 
for the remainder of the century, and they would lead to theories about 
the nature of matter that would be every bit as challenging as quantum 
mechanics had been. 


Other Fields in Physics in the 1940s 


While technology was focusing on the application of unstable (radioac- 
tive or fissile) nuclei, many physicists were more interested in stable 
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ones. In particular, they were curious about why certain elements were 
more abundant and had more naturally occurring isotopes than others. 
Nature appeared to favor certain numbers of protons and neutrons over 
others. During the 1930s, a few physicists had suggested that protons 
and neutrons in nuclei might fill shells of quantum states just as elec- 
trons did, but they had no strong theory to explain why 2, 8, 20, 50, 82, 
and 126 were magical numbers, a term probably coined by Wigner. The 
first solid theory came independently from two researchers in 1948-49, 
Polish-born German physicist Maria Goeppert-Mayer (1906-72), who 
had immigrated to the United States in 1930, and German physicist 
Hans Jensen (1907-73) and two colleagues. Their theories were based on 
quantum numbers and wave functions rather than the liquid-drop model 
that had proven so successful for explaining fission. In 1963, Wigner, 
Goeppert-Mayer, and Jensen shared the Nobel Prize in physics for their 
theories of the structure of the atomic nucleus. 

One of the motivations for Goeppert-Mayer was to understand what 
phenomena underlay the relative abundance of the elements in the uni- 
verse. Her work proved to be particularly useful to Gamow and his stu- 
dent Ralph Alpher (1921- )in calculating the ratio of helium to hydro- 
gen in their model of the early universe. They proposed that the cosmos 
began with a giant explosion and has been gradually expanding and 
cooling ever since. In 1950, British astronomer Fred Hoyle (1915-2001), 
who had developed an alternative proposal for the origin of atoms called 
the steady-state hypothesis, derisively named Gamow’s concept the “big 
bang.” The name stuck, and a tug-of-war between the two cosmological 
ideas that would go on for decades was under way. 

Radioactivity began to take on an important role in other scientific 
fields in the 1940s. The best-known example is the use of the radioactive 
isotope carbon 14 to date once-living objects found at archaeological 
sites. The isotope has a relatively short half-life (5,730 years) and would 
not exist at all on Earth if it were not constantly being replenished by 
cosmic rays interacting with nuclei of atmospheric gases. Once an organ- 
ism dies, it no longer takes in fresh carbon dioxide from the air. Thus 
the ratio of 14C atoms to the more common !*C gradually decreases in 
formerly living matter and serves as a way to date an archaeological site. 

Major advances in the technology of flight continued after the war, as 
engineers applied physics to create the first supersonic aircraft and the 
first commercial jet planes. But probably the most significant techno- 
logical development of the late 1940s was not widely recognized at the 
time. In 1948, physicists William Shockley (1910-89), Walter H. Brattain 
(1902-87), and John Bardeen (1908-91) of Bell Laboratories in New 
Jersey invented a semiconducting device known as the transistor. Only eight 
years later, with a revolution in miniaturization and advances in electron- 
ics well under way, the public was not surprised to learn that the trio had 
been awarded the Nobel Prize in physics. This work is discussed in more 
detail in the next chapter. 
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Scientist of the Decade: Richard Feynman (1918-1988) 


Richard Feynman will always be known as the 
genius who reenvisioned the electromagnetic force 
as a quantum phenomenon and who replaced 
complex equations with simple diagrams. But 
he will also be recalled as a “curious character,” 
which is how he described himself in the subtitles 
of his best-selling autobiographical memoirs, 
Surely You're Joking, Mr. Feynman, published in 
1985, and What Do You Care What Other People 
Think, published only months before his death 
in 1988. Feynman was not merely a person who 
marched to the beat of a different drummer, as 
individualists are often said to do. He was that 
different drummer. 

To say that Feynman was born and raised in 
New York City is true, but misleading. He grew 
up in the middle-class village of Far Rockaway on 
the city’s outer limits on the south shore of Long 
Island. His father, Melville Feynman, probably 
would have studied science if he had been able to 
afford college. Instead, he earned the family’s liv- 
ing from a variety of business ventures that never 
quite produced the success he had hoped for. 
Melville read to Richard from the Encyclopaedia 
Brittanica, explaining things as they went along. 
Richard inherited Melville’s adventurous curiosity 
and knack for explaining things. In the 1960s, at 
the height of his career as a physics professor at 
the California Institute of Technology (Caltech), he 
took on the task of teaching the introductory phys- 
ics courses. His lectures quickly became famous 
for their clarity and lively presentation. They were 
filmed and distributed throughout the world, and 
they became the basis of a classic 1963 three-vol- 
ume text called The Feynman Lectures on Physics. 
Today scientists nearing retirement remember 
those books from their student days, as much for 
the picture of the author playing the bongos as for 
the content. 

If Melville can be credited for the clarity of 
those lectures, then Feynman’s mother, Lucille, 





Richard Feynman, known for his free spirit as well as his 


creativity, playing bongo drums (Tom Harvey, courtesy 
Brookhaven National Laboratory) 


deserves recognition for the style. Feynman 
described her in What Do You Care What Other 
People Think? “My mother didn’t know anything 
about science, [but] she had a great influence on 
me as well. In particular, she had a wonderful 
sense of humor, and | learned from her that the 
highest forms of understanding we can achieve 
are laughter and human compassion.” 

Feynman’s brilliance became apparent at an 
early age. By the time he was in high school, he 
taught himself calculus and was earning money by 


repairing radios in the neighborhood. In his senior 
year, he stood out as by far the best student in an 
honors physics class. His quick mind for school- 
work allowed him plenty of time for studying what 
may have been his greatest interest: girls, espe- 
cially the popular and artistic Arline Greenbaum, 
whom he met when they were both 13. 

In the fall of 1935, Feynman enrolled as a 
freshman physics major at the Massachusetts 
Institute of Technology (MIT). In his sophomore 
year, he enrolled in an advanced theoretical 
physics course normally taken by seniors and 
graduate students and quickly stood out. In his 
senior thesis, he developed an ingenious quantum 
mechanical technique that he published in the 
major physics journal Physical Review and that 
became a standard mathematical tool for physical 
chemists. He then went on to Princeton University 
for graduate school and produced the remarkable 
doctoral thesis described in this chapter. 

Meanwhile, Arline’s health became fragile. 
Despite a diagnosis of tuberculosis of the lym- 
phatic system—a slow death sentence—the cou- 
ple decided to marry. They eloped in June of 1942 
and drove west to New Mexico after Feynman 
finished his doctorate. Arline lived in a sanitorium 
in Albuquerque, while her husband worked at Los 
Alamos and visited her on weekends. She died in 
the spring of 1945. 

At Los Alamos, Feynman was noted for his 
brilliant analyses, his willingness to argue with 
anyone—including Hans Bethe, the leader of 
the theoretical physics group—and his exploits 
as a self-appointed guardian of security. He used 
his safe-cracking skills to get past the protection 
of others’ secret results, leaving notes behind to 
tell them how he did it. After the war, he joined 
Bethe on the faculty at Cornell University in 
Ithaca, New York. After a few years, he got fed 
up with snowy weather there. Though he regret- 
ted leaving Bethe, he accepted a position with 
the California Institute of Technology (Caltech) in 
Pasadena in 1951. 
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Among Caltech’s attractions was its proximity 
to the Sunset Strip. In Surely You're Joking, he 
wrote about “the nightclubs and the bars and the 
action.” Caltech allowed him to start with a year- 
long sabbatical in Rio de Janeiro, a city he had 
wanted to return to ever since a six-week visit in 
1949. He lectured in the mornings and spent his 
afternoons and evenings meeting friendly women 
at Rio's famous beaches and bars. Recognizing 
the early signs of alcoholism, he soon gave up 
drinking, but he continued going to bars. One day, 
he took a young woman to the Egyptology sec- 
tion of the museum and shared some interesting 
facts that he had learned from Mary Louise Bell, 
an old girlfriend from Ithaca who had relocated 
near Pasadena. Impulsively, he proposed to her by 
mail. They were married the next June (1952) and 
divorced in 1956. 

Feynman’s third marriage, to Gweneth Howarth, 
lasted the rest of his life. He noticed a girl in 
a polka-dot bikini on a beach at Lake Geneva 
and was immediately attracted. They married 
in 1960 and had two children and as normal a 
family life as a character as curious as Richard 
Feynman could manage. He died after a long 
battle with cancer in 1988, but not until he had 
one last public triumph. He was asked to join 
the commission investigating the 1986 explosion 
of the space shuttle Challenger. Though he was 
already desperately ill, Gweneth encouraged him 
to accept. The commission needed someone like 
him to poke around off the beaten track. The most 
memorable moment of those hearings took place 
when Feynman demonstrated that a critical O-ring 
lost its flexibility at low temperatures. He dipped 
a piece of rubber into a glass of ice water and 
showed how stiff it became. From that moment 
forward, no one could doubt that the Challenger 
tragedy was due to its launching on a rare Florida 
day when the temperatures had dropped below 
freezing. Richard Feynman, that famously different 
drummer, had set the cadence for the rest of the 
investigation. 
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1951-1960: 
Physics and the Rise of New 
Technologies 


At the midpoint of the 20th century, physicists found themselves at a 
crossroads both as scientists and citizens. Their science had played a 
central role in ending World War II, but now many of the developers 
of the atomic bomb became politically active in opposition to nuclear 
weapons research. They warned of a new kind of war that could destroy 
civilization itself. 

Others took the viewpoint that stopping weapons research was a 
mistake. No country could prevent its adversaries from developing more 


























Lambda particle 
discovered by 
Butler group at 
Manchester 


























1951 

































































Watson and 
Crick describe First pocket radio 
double-helix goes on sale 
structure 
Univac computer used of DNA, ; 
to analyze presidential determined a 
election results Š ee 
by X ae h powered Cowan and Reines 
crystallography submarine detect neutrinos 
First hydrogen bomb launched and antineutrinos 
MILESTONES 
1952 1953 1954 1956 
First synchrocyclotron Gell-Mann and Nishijima 
independently propose Townes and 
: a conserved quantum Schawlow invent 
First bubble chamber property that Gell-Mann maser, the microwave 
designated as “strangeness” forerunner of the laser 

















112 


Chapter 6 


powerful weapons systems. Thus nuclear weapons research was neces- 
sary for self-preservation. In the postwar world, new alliances, led by the 
United States and the Soviet Union, were intensely engaged in a differ- 
ent kind of competition. The battleground of this so-called cold war was 
ideology, capitalism against Communism. Each side was now pouring its 
resources into technologies that would demonstrate the superiority of its 
political system. They were racing to develop hydrogen bombs—ther- 
monuclear devices that, like the Sun, produced energy from nuclear 
fusion reactions—and missiles that could deliver those bombs from half 
a world away. 

Whether or not they were politically active after the war ended, 
most physicists were eager to return to their prewar research interests. 
Some pursued basic science, but others preferred investigations with 
technological applications. During the 1950s, physics research produced 
its share of surprises for both scientists and the public at large. As this 
chapter will discuss, particle accelerators and new detectors led to the dis- 
covery of a host of previously unimagined subatomic particles. But from 
the historical and cultural perspective, the most notable physics-related 
development of the decade was in solid-state electronics, particularly the 
transistor. It began a revolution in communication and computers that 
continues 50 years later. 
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For solid-state physicists, the 1950s turned out to be a remarkable 
decade indeed. Not only did the transistor bring public attention to 
applications of their field, but a theoretical breakthrough also solved the 
mystery of superconductivity 46 years after the phenomenon was discov- 
ered. Both produced Nobel Prizes in physics—in 1956 for the transistor 
and in 1972 for superconductivity. Both prizes were shared by teams of 
three researchers. And the theoretical genius behind both achievements 
was John Bardeen, who became the first (and so far only) person to win 
two Nobel Prizes in the same field. 


Solid-State Physics and Technology 


Physicists and engineers foresaw the transistor’s impact immediately 
when it was invented in 1948 at Bell Laboratories, but it was not until 
the middle of the 1950s that it entered people’s everyday lives. For that 
reason, and because the 1940s were dominated by the war and quantum 
electrodynamics, the discussion of the research that led to the transistor 
has been deferred to this chapter. 

At the beginning of the 1950s, few people outside of science and the 
electronics industry had heard of the transistor. Those familiar with the 
technology understood that transistors would begin to replace vacuum 
tubes in all types of electronic devices. Vacuum-tube radios were about 
the size of a modern toaster oven, and televisions were in boxes several 
feet long and at least two feet high and deep. Computers were as large as 
living rooms. They all were filled with vacuum tubes with glowing fila- 
ments that periodically burned out like lightbulbs. 

That began to change in November 1954, when the Regency com- 
pany began selling the TR-1 pocket radio with transistors instead of 
vacuum tubes for $49.95, about as much as the average worker earned in 
a week. Within a few years, manufacturers learned how to make transis- 
tors for a much lower cost. Soon transistor radios were so common that 
by the early 1960s, the word transistor had become almost synonymous 
with “pocket radio.” People spoke of listening to their “transistors.” Ten 
years after that, vacuum tubes were no longer being manufactured, except 
for use in specialized equipment. 

In the late 1950s, most people were aware that transistors were replac- 
ing vacuum tubes in television sets, but fewer knew about a much more 
significant change in solid-state technology. With transistors replacing 
vacuum tubes, computers quickly required less power and maintenance, 
ran much faster, and had much more capability. The digital revolution 
had begun. 

As noted, William Shockley, Walter Brattain, and John Bardeen 
shared the 1956 Nobel Prize in physics for inventing the transistor when 
they were at Bell Laboratories. But by the time they went to Stockholm 
to receive their awards, they were no longer a team. Bardeen had become 
a professor at the University of Illinois, and the trip interrupted his work 
with two students, Leon Cooper (1930— ) and J. Robert Schrieffer 


Chapter 6 | 1951- 1960 115 


Inventors of the transistor (left 
to right) John Bardeen, William 
Shockley, and Walter Brattain 
in the laboratory (Lucent 
Technologies’ Bell Telephone 
Laboratories, courtesy AIP 





Emilio Segré Visual Archives) 


(1931- ), when they were on the verge of cracking one of the oldest and 
most important problems in solid-state physics, the mechanism underly- 
ing superconductivity. 

Bardeen always sought projects that were both theoretically chal- 
lenging and practically important. Among the most intriguing to him 
were so-called many-body problems, and no subfield of physics demanded 
more creative many-body analysis than solid state. Probably more than 
any other science, physics depends on mathematical models to represent 
and describe natural phenomena. Physicists often begin by noticing 
mathematical relationships in a set of measurements. Then they look for 
fundamental physical principles to explain them. 

Planetary motion is a prime example. Johannes Kepler had noted 
three mathematical relationships or “laws” that applied to the orbits of 
the planets. The physical explanation came decades later from Sir Isaac 
Newton. His laws of motion and gravity produced Kepler’s formulas as 
a consequence. Newton’s laws produce Kepler’s exact equations only in 
a special case, namely the interaction of two bodies such as the Sun and 
one planet. The real solar system has more than one planet, and the full 
computation of their motions is more complex. Each planet influences 
the others, and the resulting orbits deviate slightly from Kepler’s predic- 
tion. Because the planets are much smaller than the Sun, those deviations 
are small and were not noticed until more precise measurement tools 
became available. Thus two-body, rather than many-body, analysis was 
sufficient at first. 
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A similar situation arose in quantum physics. Physicists had noticed 
mathematical patterns in the hydrogen spectrum (such as the Balmer 
series of spectral lines). Early quantum theory treated the hydrogen 
atom as a two-body system (a proton and an electron), and calculations 
produced an exceptionally good match for the observed spectrum. But 
to go beyond hydrogen to larger atoms, quantum mechanics needed to 
describe the states of many electrons. The computations became increas- 
ingly complex. 

When faced with complexity, physicists often look for approximations. 
In this case, for each electron in a multi-electron atom, they averaged out 
the electrical repulsions from all the others and treated that as a pertur- 
bation—a minor correction—to the electrical attraction of the nucleus. 
In other words, they replaced the many-body calculation by a set of 
two-body calculations, one for each electron interacting with a modified 
nucleus. That made the mathematics manageable and produced not quite 
exact—but exceptionally useful—results. It worked because an electron 
in an atom experiences one dominating force from the nucleus and many 
much smaller forces from other electrons. 

Many-body mathematics becomes much more difficult when there 
is not a single dominant force. For example, certain electrons in a solid 
interact with more than one nucleus, so computing their quantum states 
and energy levels requires innovative many-body calculations. That anal- 
ysis results in three different types of electron wave functions. The first 
type is for electrons bound to a single atom, such as those in closed shells. 
‘Their wave functions and corresponding energy levels can be computed 
from two-body mathematical models involving only the electron and its 
nucleus. The wave function for such an electron is concentrated around 
its orbit in the atom to which it belongs. 

Electrons involved in chemical bonds have the second type of wave 
functions. Those wave functions can be computed from mathematical 
models involving a small number of bodies—the electrons involved in the 
bonding plus the nuclei of the atoms they bind together. The resulting 
wave functions are concentrated in the region of the bonds, as described 
in the sidebar “Electron Energy Levels and Wave Functions in Solids” on 
page 118. Those electrons have energy levels in the valence band, which 
was described in chapter 4. That sidebar also describes the third type of 
electron wave function, which corresponds to energy levels in the con- 
duction band (also described in chapter 4). Conduction electrons belong 
to all the atoms equally. Thus their wave functions rise and fall like waves 
on a limitless ocean, with the pattern of wave crests and troughs matching 
the crystal pattern of atoms in the solid. 

As physicists sought to understand the properties of solids, it became 
clear that many phenomena—among them the conduction of heat and 
electricity; the reflection, transmission, and absorption of light; and the 
material’s magnetic behavior—were related to electrons. The Pauli exclu- 
sion principle dictates that each electron has a unique quantum state and 
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corresponding energy level, either within a closed shell of an atom, as 
part of a chemical bond with its energy level in the valence band or as a 
free electron with energy level in the conduction band. 


Electrical Conductors, Insulators, and 
Semiconductors 


‘To understand the history of semiconductor electronics, it is first neces- 
sary to understand the electrical properties of solids. That means this 
book must make a temporary but necessary diversion from the history of 
physics to the science itself. 

Solids fall into three different classifications according to the way 
that they conduct electricity: conductors, insulators, and semiconduc- 
tors. Conductors are usually metallic, and they allow electricity to pass 
through them easily. On the atomic level, they have electrons in their 
conduction band. Conduction electrons move through the conductor at 
random, occasionally bouncing off atoms and changing direction speed 
and direction. When the conductor is connected to a source of electrical 
pressure (voltage), such as a battery or generator, the electrons’ motion 
is no longer completely random. Though they still move irregularly, the 
conduction electrons generally flow away from the negatively charged 
terminal (the cathode) and toward the positive terminal (the anode) of the 
voltage source. As fast as those electrons enter the anode, other electrons 
flow into the conductor from the cathode to replace them. 

Except for the special case of superconductivity, the electrons lose 
some energy as they bounce their way through the material from the 
cathode to the anode. That phenomenon is responsible for electrical 
resistance. The resistance of an electrically conducting material usually 
increases as it gets warmer. The atoms of a solid are always vibrating 
around their “home” or equilibrium position. When the material is hot- 
ter, its atoms vibrate more rapidly, which makes an electron’s collisions 
with those atoms more disruptive to its motion. When the temperature is 
higher, an electron travels a longer, jerkier path on the way to the anode, 
which means it meets more electrical resistance. 

Many-body quantum mechanical calculations for solids always yield a 
valence band and a conduction band with a gap between them. The size 
of that gap dictates whether a material is a good insulator. Insulators do 
not conduct electricity, but no material is a perfect insulator. As tem- 
peratures rise, the average energy of the electrons in each atom increases. 
Some electrons do not stay in the lowest set of energy levels. In insula- 
tors, the valence band has plenty of available higher-energy states to 
accommodate the increase in thermal energy. To jump out of the valence 
band into the conduction band, the electrons would need so much energy 
that it almost never happens. Thus most electrons in insulators remain 
bound to single atoms. Almost all the rest serve as bonding electrons 
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Electron Energy Levels and Wave Functions in Solids 


This is a simplified discussion of some of the 
mathematics that physicists developed to treat the 
many-body interactions that electrons experience 
in solids. It begins with the two-body interaction 
between an electron and its nucleus. 

Mathematically, physicists represent that inter- 
action as a three-dimensional graph of the elec- 
tron’s potential energy, which increases as the 
electron moves outward from the nucleus, but the 
illustrations here show one dimension only. The 
result is the top of illustration (a), a “potential well” 
with the nucleus in the middle. Horizontal lines in 
the well represent the allowed quantum mechani- 
cal energy levels, which get closer together as 
the electron gets farther from the nucleus. That 
decreasing spacing between energy levels means 
that there is an unlimited (infinite) number of 
quantum states for the electron in its atom. 

The bottom of illustration A) is a representation 
of the electron wave function for one particular 
quantum state and its corresponding energy level. 
It peaks sharply at a distance from the nucleus 
corresponding to the orbital radius for that quan- 
tum state, signifying that the probability of finding 
the electron along that path is high, and the prob- 
ability of finding it elsewhere is very low. 

In solids, the atoms are so close together that 
an atom’s outermost electrons may experience an 
electrical attraction to a neighboring nucleus that 
is as strong as to its own. In that case, it no longer 
can be said to belong to a particular atom. It may 
belong to two (or a few) atoms. Those atoms are 
then bound together either covalently or ionically, 
as described in chapter 4. 

Illustration B) shows what happens when phys- 
icists apply the mathematics of quantum mechan- 
ics to two atoms that share electrons. The atoms’ 
potential wells overlap and produce a double-dip 
well with a peak in the middle that is lower than 
the outside. That cuts off the upper portion of the 
original two wells where they overlap and leaves 
behind a small, finite number of allowed single- 
atom energy states. Because of the Pauli principle, 
no two electrons can have the same quantum 
state. In many two-atom cases, the number of 
single-atom states is less than the number of elec- 
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The upper part of this drawing envisions a single atom as an 
extremely deep potential well with the nucleus at the center. 
The walls of the well represent the amount of potential energy 
an electron would have at that distance from the center. 

The lines represent electron energy levels, one of which is 
emphasized. The lower part of the drawing represents the 
wave function of an electron occupying the emphasized energy 
level. The wave function peaks sharply at a distance equal to 
the radius of the orbit for that energy level. That means the 
electron has a very high probability of being found at that 
distance from the nucleus, though other distances are possible. 


trons in the atoms. That means some electrons 
must occupy a new set of energy levels belonging 
to both atoms. Those levels make up the valence 
band discussed in chapter 4. Their wave functions 
do not have a sharp peak in an orbital region 
around one atom or the other; rather, they extend 
across the region between them where the bond 
forms. That means a binding electron is just as 
likely to be near one atom or the other and also 
has a high probability of being between them. 
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Chapter 6 


If two atoms are close enough together for their potential wells 
to overlap, the result is a double-dip well with some low-energy 
levels for states in which the electron belongs to one atom plus 
higher-energy valence band levels in which it is shared by two 
atoms in a covalent bond. The wave function for a valance- 
band energy level has a broad peak, showing that the electron is 
most likely to be found in the region between the atoms. 


Illustration C) shows the next step, when the 
entire solid body is considered. Now even the outer 
walls of the two-body potential wells are lowered. 
This reduces the valence band to a finite number of 
quantum states. In certain materials such as metals, 
the number of single-atom states plus the number 
of valence band states is less than the total number 
of electrons. Some electrons must belong neither to 
any atom nor to any bond between atoms but rather 
to all the atoms. Their energy levels are in the con- 
duction band, and they flow freely throughout the 
material. Reflecting the probability that a conduc- 
tion electron can be found anywhere in the mate- 
rial, its wave function rises and falls in a pattern that 
matches the crystalline arrangement of the atoms. 
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In a crystal, besides the single-atom and two-atom energy levels, there is a higher set of energy levels belonging to all the 


atoms. This is the conduction band, and the wave functions of its electrons have a series of low, broad peaks, meaning that they 


can be found near any atom in the crystal. 
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between atoms—which means their energy is in the valence band—so 
they are not free to flow. That means insulators block the flow of electric 
current almost completely. Another way to put it is that the resistance of 
an insulator is extremely high. 

In semiconductors, the valence band electron energy levels are nearly 
full, and the gap between the valence and conduction bands is small. As 
the temperature of a semiconductor rises, some electrons gain enough 
energy to jump out of the valence band into the conduction band. Thus 
the electrical resistance of a semiconductor is high but not extremely 
high, making it neither a good conductor nor a good insulator. A 
semiconductor’s resistance decreases (or its conductivity increases) as its 
temperature rises, which is opposite to the behavior of a conductor. 

The most important property of a semiconductor for electronics is the 
way its electrical conductivity can be manipulated. The most commonly 
used semiconductor is the element silicon, which has four valence elec- 
trons per atom. Pure silicon forms covalently bonded crystals in which 
every silicon atom shares one of its valence electrons with each of four 
neighbors. That arrangement gives each atom in the crystal a closed shell 
of eight electrons. However, because those electrons are shared among 
several atoms, that closed shell is not bound as tightly as it would be if 
all eight electrons belonged to one atom. The valence band is filled, and 
the gap between it and the conduction band is not very large. Thus even 
at room temperature, there is enough heat energy to shake loose a few 
valence electrons into the conduction band. 

Since electrons carry a negative electric charge, every silicon atom that 
loses an electron to the conduction band is left with an excess of positive 
charge. The electron in the conduction band has, in effect, created a posi- 
tively charged sole associated with a silicon atom. That hole can attract 
an electron from a neighboring atom. When that happens, the hole has 
moved to the neighbor. Because of the heat energy in the crystal, elec- 
tron-hole pairs are created at a steady rate. The number of pairs would 
grow steadily except that a conduction electron created in one place will 
sometimes meet a hole someplace else and fill it. That is called an annibi- 
lation event because it makes both the electron and hole disappear. When 
the electron-hole annihilation rate is equal to the electron-hole creation 
rate, the number of each type of charge levels off, and both types move 
freely through the crystal in equal numbers. 

If the terminals of a battery are connected to opposite sides of a crys- 
tal of silicon, electrons flow toward and into the anode, while holes flow 
toward the cathode where they are filled by electrons from the battery. 
The flow of current is much smaller than it would be if the battery ter- 
minals were connected across a metal wire, but the silicon is clearly not 
behaving like an insulator. 

So far, except for a brief mention of crystal defects in chapter 4, 
this book has been treating crystals as if they are perfectly repeat- 
ing arrangements of atoms. In fact, the most important technological 
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applications of semiconductors result from intentionally introducing 
impurities into an otherwise nearly perfect crystal of a semiconduct- 
ing material. Suppose a little bit of phosphorus—silicon’s neighbor in 
the periodic table with one more proton and one more electron per 
atom—is added to silicon. The phosphorus atoms replace silicon atoms 
in the crystal arrangement. They share four of their five valence elec- 
trons with neighboring silicon, and the fifth electron ends up in the 
conduction band without creating a hole. Because of the electrons in 
the conduction band, the impure silicon is a better conductor, but the 
current is only due to the flow of negative particles. For that reason, it 
is called an n-type semiconductor. 

On the other hand, suppose the added impurity is silicon’s other neigh- 
bor, aluminum, which lacks one proton and one electron compared to 
silicon. When an aluminum atom replaces a silicon atom, it only has three 
valence electrons to share, and the crystal ends up a p-type semiconductor 
with a surplus of positively charged holes. Again, its ability to conduct elec- 
tricity is enhanced, but this time, it is the holes that carry the current. 

Joining a p-type semiconductor to an n-type semiconductor creates a 
device called a diode. If the anode of a battery is connected to the p-type 
side, and the cathode is connected to the n-type side, the voltage drives 


The presence of impurity 
atoms can influence whether 
a semiconductor has an excess 
of electrons (n-type) or holes 
(p-type). 


122 Twentieth-Century Science | Physics 


The junction between an n-type 
and a p-type semiconductor can 
function as a diode, a device that 
allows electrical current to flow 
in one direction but not the other. 








OPERATION OF A DIODE 
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both the holes in the p-type side and the electrons in the n-type side 
toward the junction, where they meet and annihilate each other. The 
anode attracts electrons and creates new holes in the p-type side, while 
the cathode sends new electrons into the n-type side. The result is a 
steady current. The diode is said to be forward biased. 
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But if the battery is reversed, the voltage draws the n-type side’s elec- 
trons toward the anode and the p-type side’s holes toward the cathode. 
This time, opposite charges build up on the outside of the diode and 
neutralize the battery’s voltage. There are no charges to move through 
the junction, and so no current flows, and the diode is said to be reverse 
biased. The diode is thus a one-way valve for electricity. It is useful for 
transforming alternating current into direct current. 

‘Transistors are semiconductor devices that act as amplifiers or control- 
lable electrical switches. They now take many forms, but one of the first 
types made—and the easiest to explain—is like two diodes back-to-back, 
forming a three-layer sandwich of n-type and p-type semiconductors. 
The diagram shows the operation of an n-p-n transistor, where electrons 
may flow from the cathode into one n-type region called the emitter, 
through a p-type region called the base, to a second n-type region called 
the collector, and then into the anode. (Holes may flow in the opposite 





OPERATION OF A TRANSISTOR 


Reverse biased when variable voltage is low but forward 
biased once variable voltage exceeds “threshold” value. Current 
flows when forward biased but not when reverse biased. 
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direction.) Whether and how much current flows depends on a small 
variable voltage (opposite to the main voltage) placed across the base-col- 
lector junction. Without that voltage, the base-collector junction would 
block the current like a reverse-biased diode; but if that voltage is large 
enough, the junction is forward biased, and the electrons pass through. 

In other words, there is a threshold base-collector voltage at which 
a change in transistor current occurs. If the threshold is sharp, chang- 
ing the voltage acts like a switch to turn the transistor on and off. If the 
threshold is more gradual, then the transistor can be an amplifier, which 
responds to a small change in voltage with a large change in its current 
across the threshold region. 

In the late 1940s, many physicists were working out the many-body 
quantum theory of the solid state, especially as it applied to semiconduc- 
tors. At Bell Laboratories, John Bardeen emerged as a leader because 
he also understood the practical engineering issues of creating semicon- 
ducting electronic devices. It is one thing to talk about controlling the 
impurities in a piece of silicon and quite another to create a p-n-p or n-p-n 
sandwich with the desired properties. It took a blend of mathematical 
insights, laboratory skills, and technological inclination to actually fabri- 
cate a transistor. As noted in the previous chapter, the team of William 
Shockley, Walter H. Brattain, and Bardeen were the first to accomplish 
that feat, and it earned them the Nobel Prize in physics for 1956. 


Superconductivity 


In 1951, John Bardeen left Bell Labs to become a professor of electri- 
cal engineering at the University of Illinois. There he decided to tackle 
one of the most challenging outstanding problems in solid-state physics: 
superconductivity. 

As described in chapter 2, the phenomenon was discovered in 1911 
and soon led to a Nobel Prize for Heike Kamerlingh Onnes, but 40 
years later, no one had come up with an explanation for it. Even as physi- 
cists began to understand how quantum mechanics and the crystalline 
arrangements of atoms and molecules in solids could produce electrical 
conductivity, they could not come up with a mechanism for an electron 
to travel through a conductor without any loss of energy. Inevitably, the 
electron would experience collisions with the atoms of the solid, and each 
collision would result in an exchange of energy. Using statistical mechan- 
ics, physicists calculated that the average effect of those collisions was a 
small decrease in the electron’s energy that can be measured as electrical 
resistance. The lost energy would show up as heat in the solid. 

The calculations predicted that cooling the solid would decrease 
its resistance. A graph showing how resistance changed with tempera- 
ture should be a straight line that would reach zero at the unattainable 
temperature of absolute zero. That decreasing trend is in fact what 
Kammerlingh Onnes saw until his wires were cooled to a certain critical 


Chapter 6 | 1951- 1960 125 


John Bardeen (left), Leon 
Cooper (center), and John 
Robert Schrieffer (right) at 
the Nobel Prize ceremony 
recognizing their development 
of the BCS theory of 
superconductivity (AIP Emilio 
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temperature where the resistance abruptly dropped to zero. The elec- 
trons were still colliding with the atoms of the solid, but they bounced 
off with no loss of energy. Bardeen was not alone in thinking that quan- 
tum mechanics might hold the explanation for this phenomenon. As a 
professor, he supervised a number of graduate students, assigning them 
research problems that would lead to insight into the quantum mechani- 
cal properties of solids. 

One such property related to vibrations in the crystal lattice. Physicists 
created mathematical models that represented crystals as a lattice of 
atoms or molecules joined together by springs. If one molecule started 
oscillating—jiggling back and forth, the springs would transmit the 
vibration to its neighbors. Soon the whole crystal would be vibrating. 
The analysis predicted that only certain modes and intensities of vibra- 
tions could be sustained. Just as quantum mechanics related the energy 
of photons to transitions between allowed electron states with quantum 
numbers, the new analysis predicted that vibrational energy also came 
in packets corresponding to transitions between allowed states of lattice 
oscillation. Physicists called the packets of vibrational energy phonons, 
since they correspond to sound waves passing through the crystal. 

Bardeen, Cooper, and Schrieffer thought that superconductivity might 
result from electrons creating and absorbing phonons when they collided 
with atoms. Instead of exchanging energy with a single atom in a colli- 
sion, what would happen if electrons exchanged energy with the lattice as 
a whole? They struggled with a number of ideas until Schrieffer made a 
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breakthrough—a different way to look at the electron wave function—and 
showed it to Cooper. Cooper agreed that Schrieffer’s idea would work, 
and he added an important feature to it. Imagine that a pair of electrons 
with the same set of quantum numbers except for opposite spins were 
traveling through the lattice together. One would interact with the lattice 
to create a phonon, which the other would then absorb. They would both 
be bouncing along, interacting with the lattice but with no loss of energy 
as long as they remained paired up and exchanging phonons. Thermal 
activity in the crystal would tend to disrupt the “Cooper pairs,” but just as 
water freezes into ice below a certain temperature, the rate of pair forma- 
tion would exceed the rate of disruption when things got cold enough. 
That explained the critical temperature. Further calculations showed that 
Schrieffer’s wave equation and Cooper’s pairs explained other properties 
of superconducting materials as well. 

As soon as the Bardeen, Cooper, and Schrieffer (BCS) theory of super- 
conductivity appeared in print in 1957, there was little doubt that it was 
of Nobel Prize caliber. No one had ever been awarded two Nobels in the 
same field, but denying Bardeen would also mean denying Cooper and 
Schrieffer. The BCS threesome was honored with the award in 1972. 


Nuclear Physics and Technology 


Though solid-state physics dominated the scientific spotlight in the 
1950s, nuclear physics continued to get more than its share of attention. 
As the cold war competition intensified, two distinct areas of nuclear 
technology were transforming national defense and the generation of 
electrical energy. 

As noted in the preceding chapter, the 1940s ended with a clear 
American lead in the development of thermonuclear weapons. In 1952, 
the United States successfully detonated the first hydrogen bomb, which 
used a fission bomb as a trigger for an explosive nuclear fusion reaction. 
The Soviet Union quickly challenged American superiority and began 
detonating its own thermonuclear weapons. By 1960, it was clear that 
both nations had the capacity to destroy each other. 

While nuclear fusion was being exploited for destructive purposes, 
physicists and engineers were developing beneficial uses for nuclear fis- 
sion. As the Fermi reactor had first demonstrated, it was possible not only 
to produce a nuclear chain reaction but also to control and sustain it. It 
was only a matter of engineering to create plants that generated electric- 
ity from the energy of a controlled fission reactor. In 1954, the submarine 
USS Nautilus became the first ship powered by a nuclear generator, and 
in 1957, the first commercial nuclear electric power plant began opera- 
tion in Shippingport, Pennsylvania, 25 miles from Pittsburgh. 

While some physicists and engineers were learning how to apply 
nuclear fission and fusion, others were setting out to understand those 
phenomena better. Among them was British Astronomer Fred Hoyle. As 
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noted in the preceding chapter, Hoyle was dubious of the Gamow-Alpher 
description that space, time, and the universe originated in a massive 
explosion of matter and energy, followed by an expansion and cooling 
that has continued ever since. He derided that model as the “big bang” 
and contrasted it with his own “steady-state” theory in which matter and 
energy is constantly created, keeping the concentration of matter of the 
universe constant even as it expands. 

But no matter whether the universe is expanding in the aftermath of a 
cosmic explosion or because of the slow but steady creation of new mat- 
ter, physicists agreed that the chemical elements beyond hydrogen and 
helium originated in the nuclear fusion reactions that power the stars. 
Between 1953 and 1957, Hoyle and his colleagues worked on a detailed 
theory of stellar fusion, including changes in the composition of stars 
and the reactions within them as they age. In the October 1957 issue of 
Reviews of Modern Physics, Hoyle, nuclear physicist William A. (“Willy”) 
Fowler (1911-95) from Caltech, and the British husband-wife team of 
Geoffrey (1925— ) and Margaret Burbidge (1919- ) from Cambridge 
University published a landmark article that calculated how much of each 
isotope, from hydrogen through uranium, would be expected to exist in 
stars based on their life histories. Their calculated results matched the 
best measurements remarkably well, and Fowler shared the 1983 Nobel 
Prize in physics with Chandrasekhar for this work. 


The Subatomic Particle “Zoo” 


The 1950s also marked an explosive growth in the study of subatomic 
particles. In 1952, a new type of accelerator was invented and built. 
Called the synchrocyclotron or synchrotron, it compensated for relativ- 
istic limitations in the original cyclotron design noted in the preceding 
chapter. As such, it was able to mimic the production of cosmic-ray par- 
ticles in the upper atmosphere. 

In the same year, Donald A. Glaser (1926— ) of the University of 
Michigan invented a new and more sensitive kind of particle detector 
called the bubble chamber. The combination of new accelerators to reach 
higher energy and improved detectors to measure the paths of short-lived 
subatomic particles—they often would decay into other particles—led to 
the discovery of several new particles whose existence was as puzzling 
as the “Who ordered that?” muon. Scientists named each new particle 
and cataloged its mass, charge, spin, lifetime, and its interactions with or 
transformation into other particles. 

With the exception of the neutrino and antineutrino (see below), all 
the newly discovered particles of the 1950s were at least as massive as 
protons and neutrons. Physicists call those particles baryons, from the 
Greek word for heavy. The first new baryon to be discovered, in 1951 by 
the Butler cosmic ray group at Manchester (who had previously found 
the kaon), was an electrically neutral particle about 20 percent heavier 
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than a neutron. They named it the lambda because of the tracks that 
revealed its existence in a cloud chamber. The uppercase version of that 
Greek letter looks like an inverted “V.” Because it is uncharged, the 
lambda itself leaves no visible track in a cloud chamber, but it decays into 
a pair of charged particles that leave a distinctive lambda-shaped record 
of their passage. 

In order of discovery, the other baryons discovered in the sixth decade 
of the century were the xi-minus (1952), the sigma-plus and sigma-minus 
(1953), the antiproton (expected but not detected until 1955), the anti- 
neutron (also expected but undetected until 1956), the sigma-zero (1956), 
the anti-lambda (1958), and the xi-zero (1959). No new middleweight 
mesons were detected in the 1950s, but in 1956, Clyde Cowan (1919-74) 
and Frederick Reines (1918-98) of Los Alamos National Laboratory 
detected the long-predicted but elusive neutrino and antineutrino in a 
nuclear reactor. These two new members of the lightweight /epton family 
joined the electron, positron, muon, and anti-muon. 

‘The Cowan-Reines discoveries were soon more properly called elec- 
tron-neutrinos and electron-antineutrinos. The reason for adding electron 
to their names is the discovery that radioactive beta decay—in which a 
neutron transforms into a proton, an electron (the beta particle), and an 
electron-antineutrino—is just one example of particle transformation 
governed by the weak nuclear force. Bubble chambers and synchrotrons 
not only made it possible for physicists to discover new baryons but also 
to study the various interactions and transformations that those particles 
underwent. They discovered that the larger baryons decay similarly to 
neutrons in beta decay, but they produce a muon and a muon-neutrino 
(or muon-antineutrino) instead of an electron and its neutrino. There 
was now an answer to the question of who ordered the muon, but it car- 
ried with it the prediction of a new undetected kind of neutrino. 

Physicists were soon faced with an array of particles with properties 
that varied as much as species in a zoo. It reminded them of the situation 
in chemistry before the discovery of the periodic table of the elements. 
They hoped a modern Mendeleyev would arise in the 1960s to discover 
an orderly scheme for arranging the members of the “particle zoo” and 
for a new Pauli to find the principle on which that order was based. 
Murray Gell-Mann (1929- ) would turn out to be both. 

Gell-Mann first came to wide attention for a fruitful discovery in 
1954, when he was a young professor at the University of Chicago. 
Japanese physicist Kazuhiko Nishijima (1926- ) independently came up 
with the same idea at about the same time. Each proposed a new quantum 
number to describe interactions among those recently discovered strange 
particles: the kaon in the meson family, and the lambda, xi, and sigma in 
the baryon group. With a typical physicist’s sense of humor, Gell-Mann 
called that number strangeness. Though Gell-Mann and Nishijima were 
unsure of the physical property that new quantum number represented, 
they were certain it was important because it was conserved in interac- 
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tions involving the strong nuclear force: No matter what transformations 
took place, the total strangeness of the particles involved was the same 
afterward as it was before. Conservation laws always signify something of 
deep physical significance. As discussed in the next chapter, Gell-Mann’s 
ability to see orderliness among the particles in the zoo not only brought 
an understanding of strangeness but also redefined what physicists con- 
sidered a fundamental particle of matter. 


Other Developments in 1950s 
Physics and Technology 


Despite the political hostility of the cold war, the sixth decade of the 20th 
century was marked by remarkable international efforts, which, if not 
entirely cooperative, had more of the flavor of an athletic competition than 
a battle. The best example was the International Geophysical Year (IGY) 
of 1957, which not only produced evidence that Alfred Wegener’ theory 
of continental drift was correct but also provided a mechanism for it called 
plate tectonics. The modern understanding of Earth as a multilayered 
planet, with its thin, rocky crust fractured into plates that slowly drift on a 
thick, hot, semisolid mantle, emerged from a variety of IGY projects. 

The IGY competition also had military implications, especially in 
the race to orbit the world’s first artificial satellite, which was won by 
the Soviet Union when it launched Sputnik I on October 4, 1957. The 
United States did not match that feat until January 31, 1958. By the end 
of the decade, the two nations were vying to be the first to place a human 
into orbit and return him safely. 

In other physics-related developments, between 1951 and 1953 
Rosalind Franklin (1920-58) of King’s College in London used X-ray 
crystallography to investigate the structure of the deoxyribonucleic acid 
(DNA) molecule, which was known to carry genetic information in the 
nuclei of living cells. She was well on the way to deducing the famous 
double-helix structure of DNA when Francis Crick (1916-2004) and 
James Watson (1928- ) of Cambridge University published their results 
in Nature on April 25, 1953. Many historians claim she would have been 
first if not for a very contentious relationship with her King’s College 
colleague, Maurice Wilkins (1916- ). Watson, Crick, and Wilkins 
shared the 1962 Nobel Prize in medicine or physiology for their accom- 
plishments. Franklin may well have been more deserving than Wilkins, 
but she died of ovarian cancer in 1958. The prize is only given to living 
people and is never shared more than three ways. 

The decade also saw several physics-related technological achieve- 
ments. These include the first laser, invented in 1960 by Theodore 
Maiman (1927- ). The word /aser is an acronym for /ight amplification 
by stimulated emission of radiation. Albert Einstein first described the 
phenomenon of stimulated emission theoretically in 1917, but it was not 
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Scientist of the Decade: John Bardeen (1908-1991) 


During the first half of the 20th century, physics 
was dominated by breakthrough ideas: relativity, 
which blended space and time, matter and energy; 
quantum mechanics, which blurred the distinc- 
tion between waves and particles and replaced 
predictability with uncertainty; and nuclear phys- 
ics, which led to the atomic bomb. These trans- 
formative discoveries, combined with the public 
persona and influence of Einstein, made the word 
physicist synonymous with eccentric genius to 
most people. The physicist’s public image was 
this: brilliant but narrow, speaking in equations or 
working with giant “atom smashers,” and far too 
wrapped up in work to have a normal life. 

But just as the 1950s moved physics beyond 
theoretical breakthroughs to practical concerns, 
the decade also brought a different kind of indi- 
vidual to prominence in the field. This chapter’s 
featured scientist, John Bardeen, pursued practi- 
cal and technological applications with a down- 
to-earth midwest-American work ethic and way 
of life. He was not, as people would say, “an 
Einstein.” Rather, he was an example of what the 
authors of his biography called True Genius, a 
quiet, innovative brilliance that brought out the 
best in his colleagues. He was a golf-playing fam- 
ily man whose work on the quantum mechanics 
of solids unleashed the semiconductor revolution 
and revealed the underlying mechanism of super- 
conductivity. 

John Bardeen was born in Madison, 
Wisconsin, on May 23, 1908, to parents who 
were firm believers in the value of an educa- 
tion. His father, Charles Bardeen (1871-1935), 
was the founder of the medical school at the 
University of Wisconsin and its first dean. His 
mother, Althea Harmer Bardeen (1875-1920), 
had been a teacher at a progressive experimental 
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John Bardeen, shown here with grandson Chuck in 1968, 
valued nothing more than family, though golf may have been 
a close second. He famously remarked that his two Nobel 
Prizes were probably better than his one hole-in-one on a 
favorite golf course. (The Bardeen Family Archives) 


school established by John Dewey (1859-1952), 
who is generally regarded as one of the great- 
est educational reformers of the late 19th and 
early 20th century. Together Charles and Althea 
recognized and nurtured John’s exceptional 
abilities, especially in mathematics. Althea died 
when John was only 11 years old, but he was 
already well launched. He finished his required 
courses at University High School by age 13 and 
began his studies at the University of Wisconsin 
at age 15. 

Because he had difficulty selecting a major, 
considering physics and mathematics before set- 
tling on electrical engineering, John took five 
years to earn a bachelor’s degree in 1928. He 
was able to apply some of his additional cred- 


achieved in practice until brothers-in-law Charles Townes (1915- ) and 
Arthur Schawlow (1921-99) of Columbia University invented the maser, 
the microwave equivalent of the laser, in 1954. Townes shared the Nobel 
Prize in physics in 1964 for that and other work related to the develop- 


its toward a master’s degree, so he stayed on at 
Wisconsin to complete it. His thesis topic was 
on the use of electrical techniques to detect oil 
deposits. After completing his thesis at Wisconsin, 
he applied to the graduate program at Trinity 
College of Cambridge University but was turned 
down, so he stayed another year taking courses. 
Over the seven years he spent at Wisconsin, 
he studied with a number of notable physicists, 
including Werner Heisenberg, Paul Dirac, and 
Arnold Sommerfeld. 

In 1930, John accepted a position at the Gulf 
Oil Company’s research laboratories in Pittsburgh, 
Pennsylvania, working on new techniques to find 
oil. After three years, he was ready to go back to 
graduate school. This time, he applied and was 
accepted to a doctoral program in mathematics at 
Princeton University. Soon he was working with 
some of the world’s best theoretical physicists 
on the many-body mathematics of electrons in 
solids. As he completed the work in the spring of 
1935, he learned that it had caught the attention 
of the prestigious Harvard Society of Fellows. 
They invited him for an interview and offered 
him a three-year research fellowship in physics to 
begin that fall. John was able to share the good 
news with his father, Charles, who was then 
desperately ill. John returned to Madison in May, 
and his father died on June 12. Following the 
funeral, John returned to Princeton, finished writ- 
ing his thesis, and submitted it for his professor's 
approval. 

The years at Harvard set John on course for 
a remarkable professional career that would 
include the Nobel Prize-winning research at 
Bell Laboratories and the University of Illinois, 
described in detail in this chapter. But the story of 
his life would be incomplete without mentioning 
his wife, Jane (1907-97), with whom he had three 
children. 
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The night before he left Pittsburgh in 1933, 
John was invited to a dinner party at the home 
of a Gulf colleague, whose wife had a friend 
named Jane Maxwell, whom she thought John 
would enjoy meeting. By the end of the evening, 
the hostess could tell her matchmaking had been 
a success. In John, Jane saw a handsome, ath- 
letic man with a gentle smile. He was thoughtful, 
witty, and confident with a brilliance that shone 
through his quiet demeanor. John was equally 
impressed. On the long drive to New Jersey the 
next day, he could not stop thinking about the 
articulate and attractive biologist. He decided 
that a Christmas trip back to Pittsburgh would 
be a very good idea. Because of their separation 
and their careers, their relationship progressed 
more slowly than Jane would have liked, but they 
were eventually married in 1937 and enjoyed a 
warm family life until John’s death on January 
30, 1991. 

Throughout his life, John Bardeen always 
found time for recreation. As an undergraduate 
student at Wisconsin, he earned letters on the 
swim team although he was younger than most 
of his teammates. He loved bowling and billiards, 
but his friends and family remember most fondly 
his avid golfing. Not long after receiving his first 
Nobel Prize, he achieved another of his lifelong 
goals, a hole in one on the university golf course. 
“He thought that was almost as good as the 
Nobel,” his student and colleague Bob Schrieffer 
observed. Years later, after winning his second 
Nobel Prize, John told a friend, “Well, perhaps 
two Nobels are worth more than one hole in 
one.” The fact that such stories surface any time 
people remember John Bardeen demonstrates 
that this True Genius left a legacy not only of 
accomplishment in physics but also an example 
of how to live a balanced life of genuine humility 
and humanity. 
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ment of masers and lasers, while Schawlow shared the 1981 Nobel Prize 
in physics for his work related to laser spectroscopy. 

In 1959, Robert Noyce (1927-90) of Fairchild Semiconductors and 
Jack S. Kilby (1923-2005) of Texas Instruments Corporation invented 
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the integrated circuit, commonly known as the microchip, in which a 
large number of transistors and their connecting circuitry are created on 
a single piece of silicon (or other semiconducting material). Kilby was 
awarded a share of the 2000 Nobel Prize in physics for that accomplish- 
ment, which is largely responsible for the remarkable computer and com- 
munication technologies of the present day. 
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1961-1970: 
7 Explorations 


Though the Apollo program and the first landing of humans on the 
Moon will always be recognized as the greatest scientific and technologi- 
cal accomplishments of the 1960s, physicists pursued a broader agenda. 
Their work, both theoretical and experimental, ranged from the sub- 
atomic to the cosmic. By the end of the decade, the big bang hypothesis 
for the origin of the universe was gaining wide acceptance, thanks in large 
part to further calculations by Fred Hoyle and his colleagues but also 
to odd signals detected by a radio telescope that were first attributed to 
pigeon droppings on its large dish antenna. 
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Meanwhile, this chapter’s featured scientist, Murray Gell-Mann, pro- 
posed an underlying organization of the subatomic particle “zoo” based 
on a mathematical symmetry, which led him to propose an entirely new 
class of sub-nuclear particles called quarks and a corresponding new 
description of the mechanism underlying the strong nuclear force. Other 
physicists were refining the understanding of the weak nuclear force, 
laying the groundwork for a theory that would unify it with electro- 
magnetism in the 1970s. Still others were probing deeper into quantum 
phenomena in solids and their application in electronics. 

Thus the 1960s was truly a decade of explorations in physics. 
Discoveries came from deep within atoms and from the limits of the 
universe, from research made possible by new technologies and space 
missions, and from innovative theories that provided new perspectives 
on nature’s inner workings. 


Fundamental Particles and Forces 


Probably the most remarkable trend of 1960s physics was the redefin- 
ing of what particles and forces were considered fundamental. Since 
Newton’s times, physicists had understood that large bodies were 
drawn together by gravity, a force that acted on the bodies’ mass. 
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Understanding gravity enabled them to understand the dynamics of the 
solar system. In the 19th century, they began to understand electro- 
magnetic forces. By the early 20th century, they understood that atoms 
and their component particles carry electric charge and magnetism and 
that the electric force acts on the charge of electrons and nuclei to hold 
them together in atoms. It also binds atoms together into molecules 
and, with its companion magnetic force, is the basis of light energy. As 
physicists began to understand radioactivity, they recognized two forces 
that acted within the nucleus, but they could not immediately identify 
the physical properties corresponding to mass and electric charge on 
which those forces operated. They also asked this question: Were those 
four forces—gravity, electromagnetism, and the strong and weak nuclear 
interactions—all that nature had to offer, and should they be considered 
fundamental? Work in the 1960s would put physicists on the track to 
surprising answers to that question, which are described later in this 
section and in chapter 8. 

Similar questions were emerging about the subatomic world. In the 
19th century, physicists and chemists thought of atoms as the fundamen- 
tal building blocks of matter. Then in the last years of that century, the 
discoveries of radioactivity and the electron, the first-known subatomic 
particle, called that definition of fundamental into question. Research 
in the first third of the 20th century soon removed all doubt: With the 
discovery of the atomic nucleus and its component particles, the proton 
and the neutron, physicists showed that there were entities more fun- 
damental than atoms. Besides the proton, neutron, and electron, by the 
mid-1930s physicists were confident that the neutrino was also part of the 
roster of subatomic particles, though it was not detected experimentally 
until 1956. 

By the 1960s, because of the growing list of subatomic particles, 
many of which did not seem to belong in atoms, a new question rose to 
prominence. Which of those particles should be considered fundamental, 
and which are composed of even smaller particles? Yukawa’s theory of 
the strong force gave pions a place inside nuclei. But where did muons, 
kaons, and the strange particles discovered in the 1950s fit into the atom- 
ic scheme? One of many physicists who began to realize that “subatomic” 
was not synonymous with “fundamental” was Murray Gell-Mann of 
Caltech. Just as Mendeleyev had done in developing the periodic table of 
the elements a century earlier, Gell-Mann and others began to look for 
patterns in the properties of the particles in the subatomic “zoo.” If they 
could find a pattern, perhaps they could figure out the basis for it, just 
as the properties of protons, neutrons, and electrons in atoms eventually 
explained the patterns Mendeleyev had found among the properties of 
the chemical elements. 

A favorite approach for physicists is looking for mathematical symme- 
tries. These involve mathematical operations performed on a system that 
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produce a state that looks the same after the operation as it did before. 
For example, in describing the quantum properties of crystalline materi- 
als, physicists invoke translational symmetry, or the symmetry of motion 
in a particular direction. (The more familiar usage of the word translate 
derives from applying the Latin word for “to move across” to language 
rather than space.) They describe the crystal as an infinite repetition of 
unit cells in three dimensions. When they apply the equations of quan- 
tum physics, the resulting wave function at any point in one unit cell must 
be the same as at the equivalent point in any other. That is translational 
symmetry, and its application in the quantum mechanics of solids led to 
such productive ideas as the valence and conduction bands for electrons 
and the energy gaps between them. 

Another familiar symmetry is rotational symmetry. Again, crystals 
provide a useful way to understand this phenomenon. Rotational sym- 
metry requires an axis of symmetry about which the crystal is rotated. If 
the unit cells are cubic boxes, then rotating the crystal a quarter-circle 
around an axis through the edge of a cell produces an arrangement that 
is exactly the same as the starting point. That is called fourfold rotational 
symmetry. If the unit cells are rectangular solids but not cubes, the pat- 
tern repeats after a half-circle rotation—twofold symmetry. 

Another type of symmetry is reflection symmetry—like a mirror 
image. That is not as simple as it seems, because rotations do not reflect 
the same way as linear motion. People define the four major compass 
points on Earth so that east is in the direction of sunrise, and the clock- 
wise sequence of directions is north-east-south-west. That is considered 
a right-handed arrangement because if the fingers of the right hand are 
curled in the direction of the planet’s rotation, then the thumb points 
north. Another way to think of that is to imagine looking down from 
space at the pole of a planet that is rotating counterclockwise. The pole 
in view must be the north one. The mirror image planet would rotate 
clockwise, which means that either the pole in view is the south one or 
the north-east-south-west sequence of directions is counterclockwise, a 
left-handed world. The drawing on page 139 shows the opposite handed- 
ness of planet Earth and its mirror image. 

At the quantum level, the spin of a particle is not an actual rotation, 
but it behaves mathematically as if it is. When the spin quantum num- 
ber was introduced into the quantum equations describing electrons in 
atoms, the result was the famous Pauli exclusion principle! That demon- 
strates how important symmetry is in physics. 

Mathematical symmetry applies not only to geometry but also to 
any physical quantity that can be represented on a graph. Gell-Mann 
was among the first physicists to apply the ideas of symmetry to sub- 
atomic particles. He placed the protons, neutrons, and other baryons 
on a graph with the strangeness quantum number on the vertical axis 
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Physicists look for symmetry in 
nature, such as the translational 
(movement) and rotational 
symmetry of crystal structures, 
and use it in their mathematical 
descriptions of natural 
phenomena. 


and another quantum number called isospin on the horizontal axis. The 
name isospin reflects the way the property behaves when subjected 
to a mathematical reflection; namely, in the same way as rotation or 
a pair of magnetic poles. With respect to the strong nuclear force 
(which does not act on mass or electric charge), protons and neutrons 
are the same particles with opposite isospin quantum number (-% for 
neutrons, +42 for protons). The result, as shown in the diagram on page 
141, was a diagram with a kind of symmetry called SU(2). SU stands 
for “special unitary,” which combines rotational and reflection sym- 
metry. The number 2 means that the rotational symmetry is twofold. 
If the particles on the diagram are rotated through a half-circle and 
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then the isospin is replaced with its mirror image (for example, protons 
become neutrons and vice versa), the result is exactly the same as the 
original picture. 

In other words, the SU(2) symmetry enabled Gell-Mann to organize 
subatomic particles into groups of eight—or octets—such as the one in 
the diagram: The proton and neutron have strangeness 0 and isospin 
Y% (which allows for the proton, quantum state +2, and the neutron, 
quantum state -¥2); the neutral lambda with strangeness 1 and isospin 0; 
the sigma with strangeness -1 and isospin 1 (which allows for the three 
quantum states -1, 0, and +1 corresponding to the negative, neutral and 
positive sigmas); and the xi with strangeness -2 and isospin % (which 
allows for quantum states of +/-%, corresponding to the negative and 


Reflection produces a different 
kind of symmetry reversing 
right- and left-handedness in 
phenomena like rotation. 
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On the Other Hand... 


Besides rotation, a number of other physical 
phenomena have handedness. For instance, the 
equations relating the direction of the north pole 
of an electromagnet to the direction of current 
flow use a right-hand rule. It could just as well 
have turned out to be a left-hand rule if the Earth’s 
magnetic field pointed in the opposite direction, 
since that is what defines the poles of a magnet. 
Likewise, physicists define the direction of current 
as if positive charges are flowing. That definition 
was set long before they knew that the current in 


metals was due to the flow of negatively charged 
electrons. Reversing that definition would turn 
the right-hand rule into a left-hand rule. The 
mathematics relating electric current to magnetic 
poles is right-handed because of arbitrary human 
definitions—the direction of north, the sign of 
electric charge, the direction of current flow. The 
important fact of nature is this: The mathematical 
relationship between electric current and mag- 
netic poles is the same as that between a planet's 
rotation and the direction of its north pole. 








THE RIGHT HAND RULE OF ELECTROMAGNETISM 
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The equations relating electric and magnetic fields follow a right-hand rule. 


neutral xi’s). When he published his theory in 1961, he called it the eight- 
fold way, borrowing a term from Buddhism. (Note: The negative sign of 
the strangeness results from an arbitrary choice Gell-Mann made when 
he first defined the term. It is included here for accuracy, even though it 
might distract some readers.) 

Gell-Mann asserted that the SU(2) symmetry of the octets was only 
the beginning of the story. It was actually part of a higher degree of sym- 
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metry designated SU(3), like the center layer of a three-layer cake. The 
outer layers would permit the isospin to be as large as 3/2 and thus could 
accommodate a grouping of 10 particles—a decuplet—as shown in the 
diagram on page 142. An Israeli military officer named Yuval Ne’eman 
(1925-2006), on leave to study physics in London, also proposed SU(3) 
symmetry at about the same time. 

Physicists had glimpsed the four delta particles in that diagram and 
considered them to be “resonances” or excited states of the proton and 
neutron. Their existence is what led Gell-Mann and Ne’eman to look 
at SU(3) rather than SU(2). The theory gave particle accelerator physi- 
cists an idea of where to look for other resonances, which they quickly 
found and gave them new designations by adding an asterisk to the 
sigma and xi particles in the SU(2) diagram. Only the omega minus par- 
ticle remained elusive because of its presumed large mass (Gell-Mann’s 
theory predicted it would be almost 1,800 times as massive as the pro- 
ton), which required collisions of very high energies to produce. When 
a team of researchers at Brookhaven National Laboratory announced 
its discovery in 1964, with its mass nearly exactly what Gell-Mann had 
predicted, it was clear that SU(3) symmetry was a useful way to bring 
order to the particle zoo. 
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Murray Gell-Mann recognized 
a conserved property he 
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of subatomic particles that 
were being discovered. With 
strangeness on one axis of a 
graph and isospin (a property 
related to the weak interaction) 
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mathematical symmetry known 
as SU(2) among sets of eight 
particles. 
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The Flavorful Quark and the 


Strong “Color” Force 


As noted above and illustrated in the SU(2) diagram, the number 2 
describes a twofold rotational symmetry. But neglecting the labels (p, 7, 
lambda, sigma, xi), the octet of particles in that diagram form a hexagon 
and thus could also have threefold, or even sixfold rotational, symmetry. 
So why not SU(6)? The 10-particle grouping in the SU(3) diagram pro- 
vides the answer. They form a triangle, which has to be rotated through 
a third of a circle before it gets back to the same alignment. A sixth of a 
circle is not enough. 

This may seem like so much mathematical game playing, except that 
subatomic particles just happen to fit into such a pattern. The next chal- 
lenge for physicists was to understand the physical basis for that pattern. 
Discovering SU(3) was a great accomplishment, akin to Mendeleyev’s 
devising the periodic table of the elements, but just like Mendeleyev’s 
work, it represented only the first step to full understanding. The reason 
for the periodic arrangement of the elements did not become clear until 
the discovery of protons, neutrons, electrons, and quantum mechanics. 
Atoms and even nuclei turned out not to be fundamental. Might the 
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same be true of baryons, including protons and neutrons? The answer 
turned out to be “yes,” and Gell-Mann’s great insight was to see that 
the baryons’ SU(3) symmetry resulted from baryons being composed of 
three particles each. Gell-Mann’s fellow Caltech theorist George Zweig 
(1937— ) developed the same idea independently at the same time while 
working at the European reactor center CERN (an acronym for the 
center’s French name, Conseil Européen pour la Recherche Nucléaire; 
European Council for Nuclear Research) in Geneva, Switzerland. 

Building on that idea, Gell-Mann developed a full theory of the 
strong force. His ideas were so original that he had to develop a whole 
new vocabulary to go with the mathematics. He chose language that 
was memorable for its humor as well as its physical significance. For the 
component particles, he decided on the name quark. Zweig called them 
aces, but Gell-Mann’s designation prevailed. As Gell-Mann explains in 
his book The Quark and the Jaguar, he came up with the sound—kwork— 
first. He borrowed the spelling from a line in Finnegans Wake by the Irish 
novelist James Joyce, “Three quarks for Muster Mark,” and then came 
up with an excuse not to have it rhyme with “Mark.” To distinguish the 
three quarks, physicists soon spoke of their different flavors,—up, down, 
and strange. The theory required up quarks (u) to carry an electric charge 
of 2/3 of a proton (+2/3), while the down (d) and strange (s) quarks had 
1/3 of the charge of an electron (-1/3). It described the composition of 
protons as “uud” and neutrons as “ddu.” A particle’s strangeness quan- 
tum number depended on how many strange quarks were contained in 
the particle. The lambda, for example, had a composition of uds, which 
explained its strangeness of 1 and electric charge of 0. 

A major problem with the theory was that no experiments had ever 
detected a particle with anything other than a whole number times the 
charge on a proton or electron—no halves, thirds, or other fractions. Could 
it be that quarks were bound together in such a way that they could never 
be separated? Another issue was how to describe the strong nuclear force if 
protons and neutrons (in fact all baryons) were composite particles instead 
of single particles. Did Yukawa’s very successful theory need to be changed? 
‘Taking the second question first, the answer lies in the nature of mesons. 
Mesons, unlike baryons, are composed of only two quarks, or more specifi- 
cally, a quark paired with an antiquark. For instance, a neutral pion is either 
an up paired with an anti-up or a down paired with an anti-down. A positive 
pion is up plus anti-down, and a negative pion is down plus anti-up. 

In Yukawa’s formulation, the strong force that holds a nucleus togeth- 
er results from protons and neutrons exchanging virtual pions—particles 
that flicker into existence and violate the law of conservation of energy 
but last only for such short a time that the uncertainty principle permits 
it. A proton might accept a negative pion that is emitted by a neutron, 
turning the proton into a neutron and the neutron into a proton. In Gell- 
Mann’s new formulation, the negative pion is viewed as a pair of quarks, 
a down and an anti-up. The ddu neutron includes a down but not an 
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Gell-Mann developed a new 
theory of the strong interaction 
based on the observed SU(3) 
symmetry. The theory states 
that protons, neutrons, and 
other baryons are composed of 
three quarks, and they interact 
by exchanging virtual mesons, 
which are composed of a quark 
and an antiquark. 


anti-up. However, the uncertainty principle permits an up/anti-up pair 
to come into existence from nothingness if its lifetime is short enough. 
The up antiquark joins with a down quark to form a negative pion and 
leaves its up quark partner behind in the former ddu neutron. The net 
result is that the ddu loses a “d” and adds a “u,” making it a uud—a pro- 
ton. The negative pion is a virtual particle, so it takes only an instant (a 
time too short to measure) to join with the original proton. The pion’s up 
antiquark annihilates one of the proton’s up quarks, and the down quark 
from the pion remains. The result is that the uud proton has become a 
ddu neutron. 
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Similar exchanges occur with virtual positive pions emitted by protons 
and absorbed by neutrons or virtual neutral pions exchanged between pairs 
of protons or pairs of neutrons. If a collision supplies enough energy, a pion 
no longer has to be virtual and can be shaken loose from a nucleus. When 
that happens to a neutral pion, its quark and its antiquark quickly annihilate 
each other, and the result is a pair of gamma rays or an electron and posi- 
tron zooming off at high speeds in opposite directions. Charged pions have 
a quark and antiquark of two different flavors (one up, one down), so they 
do not annihilate each other. The pion lasts about 26 nanoseconds, held 
together by the weak nuclear force, before decaying into muons and muon- 
neutrinos (which were first detected at Brookhaven National Laboratory in 
1962). As short as that seems, it is about 300 million times the lifetime of 
neutral pions and long enough for the fast-moving charged pions to leave 
easily recognizable tracks in detection chambers. 

The most significant part of the theory is its explanation for how 
quarks are bound together and why that binding is so tight that no one 
had ever detected a particle with a fractional electric charge. Unlike grav- 
ity and electromagnetic forces, which act on properties of matter that can 
be measured for everyday objects—mass and electric charge—nuclear 
forces act on a property that exists only in quarks. Physicists had no 
name for that property, but it apparently came in three varieties, so 
Gell-Mann called it color and designated the varieties red, green, and 
blue, like the glow of sets of three dots that produce a color television 
image. His theory stated that each flavor of quark could come in any of 
the three colors. The antiquarks came in anti-colors. When three quarks 
of different colors came together as if to form white, they exhibited an 
enormous attraction for one another, forming a baryon. Likewise, if a 
quark of a particular color came together with an antiquark of the same 
anti-color, their bond was intense, creating a meson. Unlike gravity and 
electromagnetic forces, which decrease as the particles move apart, the 
color force behaved more like a coil spring, pulling quarks together with 
increasing intensity the farther apart they were. That is the reason bound 
quarks were inseparable. 

That theory proved so successful that Gell-Mann was awarded the 
1969 Nobel Prize in physics “for his contributions and discoveries con- 
cerning the classification of elementary particles and their interactions.” 
The citation did not mention quarks, because at the time, no one had any 
firm evidence they really existed. Like photons and antimatter when they 
were first proposed, quarks seemed to be useful mathematical construc- 
tions whether or not they represented an actual physical entity. But unlike 
Planck and Dirac, or perhaps learning from their experiences, Gell-Mann 
was confident that quarks were more than figments of his equations. 

Other physicists agreed and went looking for them. Beginning in 1968 
at the Stanford Linear Accelerator Center (SLAC), investigators followed 
a path similar to the one Rutherford used to discover the nucleus. They 
directed a beam of high-energy electrons at protons and looked at the 
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An important part of the quark 
theory is an explanation of why 
quarks do not exist individually. 
They have a property that Gell- 
Mann called “color,” which 
takes on three values—red, 
blue, and green—and they bind 
together to form white. Instead 
of weakening like gravity, 

the color force increases as 

the quarks separate from one 
another, which explains why 
they are always bound together. 
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scattering patterns. The experiments were extremely difficult to carry 
out because the electrons needed to be accelerated to such high speeds 
that their wavelengths were smaller than protons. (Electrons in atoms 
have wavelengths comparable to the size of their orbits, about 100,000 
times as large as a proton.) Furthermore, as in the Rutherford experi- 
ment, most of the electrons would pass through without hitting a 
nucleus. Physicists at CERN did similar experiments using neutrinos. By 
1972, the results of the experiments were clear. The electron and neu- 
trino scattering from protons was not uniform. Careful comparisons of 
the results demonstrated that protons appeared to be lumpy in just the 
way quark theory predicted, containing three particles with fractional 
electric charges. 
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Charm and the Electroweak Force 


A strong theme in the history of physics might be called simplification 
through unification. In the century leading up to the 1960s, the most 
prominent examples of that theme were the periodic table of the elements, 
Maxwell’s theory of electromagnetism, Einstein’ theory of relativity, and 
quantum mechanics. Gell-Mann’s quark theory continued the trend begun 
with the periodic table. The periodic table brought order to the growing list 
of elements, and quark theory tamed the unruly subatomic zoo. Maxwell’s 
equations unified the previously separate though clearly related forces of 
electricity and magnetism and, as a bonus, showed that light was an elec- 
tromagnetic phenomenon. Einstein theory of relativity demonstrated that 
space and time, which humans perceive as quite different entities, were 
really different aspects of a single spacetime. Likewise, his work unified 
mass and energy. Quantum mechanics removed the differences between 
particles and waves, though humans perceive the two quite differently. 

Because relativity and quantum mechanics challenge the everyday 
way of viewing nature, many people might call them complications, 
but physicists recognized them as part of the trend toward math- 
ematical simplification. The 20th-century discovery of the two nuclear 
forces—strong and weak—seemed to go toward complication. Still, 
most physicists believed that the fundamental forces could be unified, 
and some of them set out to find a mathematical scheme to do that. 
In the early 1960s, Sheldon Glashow (1932- ), a young professor at 
Stanford and then the University of California, began a quest to unify 
electromagnetism and the weak nuclear force. He moved to Harvard 
University in 1966, where he continued that work with professor 
Steven Weinberg (1933- ). At the same time, at London’s Imperial 
College, Pakistani-born professor Abdus Salam (1926-96) was attack- 
ing the problem independently. 

In 1969, John Iliopoulos and Luciano Maiani came to Harvard and 
joined Glashow in his research. By 1970, they had developed a theory 
of the “electroweak” force that combined the weak nuclear force and 





The physicists who unified 
electromagnetism and the weak 
nuclear force. Left to right: 
Abdus Salam, Steven Weinberg, 
Sheldon Glashow (All three 
photos courtesy AIP Emilio 
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electromagnetism. Like many new theories, it provided some sur- 
prises. Among the most notable was the prediction of a fourth flavor of 
quark, which Glashow called charm. By the time Glashow, Salam, and 
Weinberg shared the 1979 Nobel Prize in physics, particles containing 
charm quarks had been discovered. The next chapter relates the remark- 
able—even charming—story of the discovery of the first such particle in 
two laboratories on opposite sides of the Pacific Ocean. 


Gauge Bosons, the Higgs Field, 
and the Origin of Mass 


As Gell-Mann was pondering whether protons and neutrons were fun- 
damental particles, Peter Higgs (1929- ) of Edinburgh University in 
Scotland was wondering why those and most other particles have mass 
while photons do not. In 1964, he proposed that the universe was filled 
with a third type of force field besides electromagnetism and gravitation. 
Particles acquire their mass through their interaction with that field, 
which physicists call the Higgs field after the man who proposed it. 

The Higgs field also led to the prediction of a new particle, or perhaps 
a set of new particles, called Higgs bosons. The reason for that prediction 
is that the other fundamental forces all have associated carrier particles, 
which physicists call gauge bosons. In quantum electrodynamics (QED), 
electromagnetic forces result from the exchange of photons. The theory 
of the weak force relied on a pair of W particles, one positive and one 
negative, as carriers. The electroweak theory added a neutral Z to the 
theoretical scheme. And the theory called quantum chromodynamics 
(QCD), which describes the strong force in a way similar to QED, relies 
on gauge bosons with the whimsical name of gluons. As the next two 
chapters will describe, gluons, Ws, and Zs have all been detected experi- 
mentally. Higgs particles have not yet been found, probably because no 
accelerator has yet been able to achieve sufficient energy to shake them 
loose from the Higgs field. Many physicists expect that discovery to 
come, but until then, the Higgs particle remains nothing more than a 
mathematical notion. 


New Particle Detectors 


Although theoretical work dominated the 1960s news about the effort to 
understand subatomic particles, the decade also had some very significant 
developments in particle detection techniques. In particular, physicists 
developed two very different devices to detect subatomic events. The 
first was the spark chamber, designed by physicists at CERN and refined 
throughout the decade. Other particle accelerator facilities soon followed 
with their own spark chambers. Bubble chamber photographs revealed 
subatomic tracks, but experimenters had to take large numbers of photo- 
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graphs at intervals of about one second—the time it took to recycle the 
chamber for a new observation—in hopes of finding evidence of rare and 
very brief events. In most cases, the event would happen when the cham- 
ber was recycling and would thus escape detection. Spark chambers have 
much shorter recycling times than bubble chambers. Their main com- 
ponents are pairs of electrified metal plates with a gas confined between 
them. When a detector senses that a particle of interest has passed 
through, it sends a signal to electrify the plates and trigger a discharge 
(and a camera) so quickly that the ionization pattern left behind in the 
gas has not faded. Sparks follow the ionized pathways, and photographs 
reveal the interactions that took place. Thus spark chambers gave physi- 
cists a technique to catch many more events of interest. 

The value of the spark chamber was immediately apparent, but 
another research project with a new detector seemed a bit unusual, and 
its scientific return seemed less obvious. In 1967, deep underground in 
the Homestake Gold Mine in South Dakota, Raymond Davis, Jr. (1914— 
2006), of Brookhaven National Laboratory built a neutrino detector 
whose most conspicuous element was a 100,000-gallon tank of dry-clean- 
ing fluid. The reason for the cleaning fluid was its large concentration 
of chlorine atoms. The nucleus of a particular isotope of chlorine will, 
on rare occasions (but more commonly than most other nuclei), capture 
a neutrino. The capture transforms one of its neutrons into a proton—a 
reverse fission event. The nucleus itself becomes an isotope of argon. 

The reason for the detector’s subterranean placement was to shield it 
from cosmic rays. The rocks and soil above the detector will stop practi- 
cally anything else, but neutrinos pass through readily because a reverse 
fission event requires a nearly direct hit on a neutron within a nucleus. 
Davis viewed his device as a detector of neutrinos from the Sun, which 
emits vast numbers of them as a result of the nuclear fusion events that 
produce its energy. Other stars emit neutrinos, too, but they are so far 
away that their neutrinos are too rare to be of concern. Most neutrinos 
pass through Earth without interacting at all, so it takes a large tank to 
detect even a few events. The Homestake neutrino detector was the 
second Davis had built. He had built a smaller one in an Ohio limestone 
mine in 1961. That one demonstrated that neutrinos could be detected, 
but Davis knew he needed a larger device to yield significant results. 

The major reason for detecting solar neutrinos was to test the theory 
of the various fusion reactions that power stars. That theory predicts the 
number of neutrinos expected to pass through the Earth each second. 
From that number, physicists could calculate the amount of argon expect- 
ed in the cleaning fluid after a long exposure. The detector’s experimental 
results produced a surprise: The number of solar neutrinos detected 
was much less than expected. Other, larger neutrino detectors were 
built, most notably the Kamiokande and later the Super-Kamiokande 
of the International Center for Elementary Particle Physics, University 
of Tokyo, Japan, under the leadership of Professor Masatoshi Koshiba 
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(1926- ). These detectors confirmed the deficiency and produced a 
more precise estimate that two-thirds of the predicted solar neutrinos 
were not being seen. Either the theory of solar fusion was wrong, or the 
neutrinos were not being captured as expected, or the detectors were 
not detecting the capture events. The “missing neutrino” problem was 
not resolved until 2001 (see chapter 11), and the solution gave physicists 
confidence that they had identified the full set of fundamental particles. 
The next year, Davis and Koshiba were awarded shares of the 2002 
Nobel Prize in physics “for pioneering contributions to astrophysics, in 
particular for the detection of cosmic neutrinos.” 


Cosmological Evidence for the Big Bang 


While many physicists were working in the subatomic realm, others’ 
work took them to the other extreme—the entire universe. Cosmology 
was on its way to becoming a major area of inquiry for physicists, a trend 
that would continue throughout the 20th century and into the present. 

At Caltech, research fellow Robert Wagoner (1938- ) worked with 
Willy Fowler and Fred Hoyle, using techniques (described in the previous 
chapter) that Hoyle, Fowler, and the Burbidges found so successful in com- 
puting the abundance of isotopes in stars. This time they applied the theory 
to the big bang and to Hoyle’s steady-state model, calculating the expected 
abundances of hydrogen, deuterium, and helium in the regions between the 
stars. In 1966, they published their results. Their computed numbers for the 
big bang model matched the observed interstellar gases quite well—much 
better than the predictions of Hoyle’s steady-state model. 

Hoyle did not dispute the calculations, but he still found the big bang 
theory hard to accept. For the rest of his long working life, he would 
seize on new data that suggested apparent flaws in that theory and would 
propose modifications to it or to his steady-state approach. Despite his 
out-of-the-mainstream ideas about the big bang, cosmologists even 
today continue to hold Hoyle and his work in high esteem. They are 
busily collecting and analyzing new data with new instruments, and the 
results have enough loose ends that Hoyle’s ideas cannot yet be ruled out 
completely. 

In the preceding year, 1965, two Bell Laboratories scientists, Arno 
Penzias (1933— ) and Robert Wilson (1936- ), announced a very 
different kind of observation that supported the big bang model. 
They were preparing a microwave dish antenna, previously part of 
an early satellite communications system, for use as a radio telescope. 
In whatever direction they looked, they were surprised to detect a 
strong signal at a wavelength of about seven centimeters (2.8 inches). 
At first, they suspected that they were detecting electronic noise from 
the instrument itself, even though it was supposed to be very sensitive 
and thus nearly noise-free. They even went so far as to check for and 
clean up pigeon droppings on the antenna, but the signal remained. 
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Arno Penzias (left), Robert 
Wilson, and the radiotelescope 
that detected the cosmic 
background radiation (AIP 
Emilio Segré Visual Archives) 





Eventually, they ruled out all sources other than actual radiation from 
outer space. Furthermore, they found that its intensity was the same 
in all directions and its wavelength matched what would be expected 
from the distant remnants of the big bang, if such an event had actu- 
ally taken place. 

By 1978, when Penzias and Wilson divided a half-share of the Nobel 
Prize in physics, other radio astronomers had discovered slight variations 
in this cosmic background radiation, which provided hints of the early 
evolution of the universe. As larger and more sensitive radio telescopes 
become available, 2 1st-century radio astronomers continue to search the 
cosmic background for echoes of the ancient explosion that led to the 
current state of the universe. 
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Scientist of the Decade: Murray Gell-Mann (1929- ) 


From early childhood, Murray Gell-Mann dazzled 
everyone with his brilliance. At age three, he was 
multiplying large numbers together in his head. At 
age seven, he won a spelling bee against students 
five years older. Most adults did not know what 
to do with him. How does a parent raise such a 
child? And how do teachers guide the learning of a 
student who grasps new ideas instantly and jumps 
three steps ahead of the others in his class? 

Murray’s father was a frustrated intellectual. 
Born Isidore Gellmann in Vienna, Austria, he 
had begun to study philosophy and mathematics 
there when his parents, who had immigrated to 
the Lower East Side of Manhattan in New York 
City, needed his help. In New York, he took the 
less Jewish-sounding name of Arthur and added 
a hyphen to make his last name more distinctive. 
He quickly mastered English and decided that 
his ability with languages would be his ticket 
to success. He founded the Arthur Gell-Mann 
School to teach other immigrants English. It was 
a good idea, but Arthur was an overbearing and 
rigid teacher. His students needed to learn basic 
vocabulary and sentence structure to adapt to 
American life, but he insisted on teaching a long 
list of grammatical rules and terminology as well. 
The school did not survive the Great Depression. 
In 1932, Arthur took the best job he could find, 
as a bank guard. He kept his mind active by 
studying Einstein's relativity, but he retreated 
from his family and everyday life. Meanwhile his 
wife, Pauline, began sinking into mental illness. 
Refusing to deal with her difficulties, she escaped 
into a trouble-free dreamworld. She was unnatu- 
rally cheerful, even when everything was going 
wrong around her. 

Young Murray soon learned to turn to his 
brother, Ben, instead of his parents. Ben, nearly 
10 years older than Murray, was also an avid 
learner, and the two boys became great compan- 
ions. Exploring New York City’s museums and 
parks became their favorite activity and discov- 





Murray Gell-Mann, recognized that a property he called 


“strangeness” was conserved in interactions due to the strong 
nuclear force. That property led him to a mathematical 
symmetry among the properties of baryons and then to 
propose that baryons and mesons were composite particles 
made of quarks. (AIP Emilio Segré Visual Archives) 


ery their favorite pastime. Murray needed formal 
education too, but he was clearly out of place in 
a regular school. His classroom teachers did not 
know what to do for him. Fortunately, his piano 
teacher took eight-year-old Murray to meet the 
headmaster of Columbia Grammar, an exclusive 
private school on Manhattan’s Upper West Side. 
The headmaster recognized the boy’s gifts and 
arranged for a full scholarship. Even his distracted 
parents realized that this was exactly what their 
son needed, and they moved to an apartment 
building in the same block as the school. This was 
not the only time that Arthur played an impor- 
tant role in guiding his son’s education. Arthur 


encouraged Murray’s mathematical interests and 
discouraged him from majoring in archaeology 
or linguistics in college. But Arthur's demanding 
perfectionism eventually became a burden to 
Murray in his college years. 

At Columbia Grammar, Murray’s classmates 
and even his teachers could not keep up with him. 
As far as he was concerned, he learned nothing 
there. More likely, the school staff gave Murray 
what he needed to teach himself, and then they 
got out of his way. At the very least, Columbia 
Grammar gave him the opportunity to get into 
an Ivy League college. At the age of 15, Murray 
entered Yale University on a full scholarship, even 
though the school at that time had a strict 10 
percent quota for Jewish students. Despite being 
at least three years younger than his classmates, 
most of whom struggled to grasp new material, 
Murray breezed through his coursework, even in 
advanced mathematics and physics. Then he hit a 
roadblock when it came time to write his senior 
thesis. He would not ask his adviser for help, 
because he knew that he could never write any- 
thing good enough for his language-loving father. 

Without a senior thesis, his applications for 
graduate school were rejected at Yale and every 
other Ivy League college except Harvard, which 
did not offer a scholarship. He reluctantly accept- 
ed an offer from MIT, the Massachusetts Institute 
of Technology. It had and still has one of the best 
graduate physics programs in the United States, 
but it was not an Ivy League school. He put it 
this way: “A little reflection convinced me that | 
could try MIT, and then commit suicide later if | 
wanted to, but not the other way around.” 

MIT's programs suited him well, and he com- 
pleted his Ph.D. there at age 21, though his writ- 
er’s block delayed his thesis for six months. Along 
the way, he learned that a theory is of little value 
if it disagrees with observational or experimental 
evidence and that he should strive for mathemati- 
cal simplicity in his theories wherever possible. It 
was that philosophy that later led him to quarks, 
the eightfold way, and the Nobel Prize. He man- 
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aged to put together and deliver a lecture when 
he received the Nobel Prize, but writer’s block 
struck again, and he never submitted a written 
version for the Nobel archives. 

Murray Gell-Mann has always had broad 
interests, both in his science and his personal 
life. While working at the Princeton University 
Institute for Advanced Studies in the early 1950s, 
he met a young Englishwoman, Margaret Dow, 
who was an assistant to an archaeologist there. 
Murray still loved archaeology, even though his 
father had discouraged him from studying it in 
college. And his experiences in New York’s parks 
made him an ardent bird-watcher, a passion 
that Margaret shared. On one memorable trip 
together, they traveled to an island off the coast 
of Scotland to look for puffins. They saw only 
one, but it was enough. After they were married 
in 1955, the puffin became their personal good- 
luck charm. 

The marriage humanized Murray Gell-Mann. 
Before he met Margaret, he was brilliant and 
self-centered with little in his life but his work. 
Her death from cancer in 1981 left him devas- 
tated, and it came at the same time that he was 
struggling to keep intact his relationship with his 
daughter, who had gotten involved in extremist 
political causes. After a few years, he also ran into 
difficulties with his relationship with his son. 

Murray Gell-Mann remarried in 1992 while 
in the midst of yet another difficult writing 
task, an autobiography. He missed a deadline, 
and even with the help of his wife, Marcia 
Southwick, he was unable to produce a satis- 
factory manuscript. The publisher dropped the 
project. Fortunately, a new publisher and addi- 
tional editorial help enabled him to finish The 
Quark and the Jaguar, the story of his life and 
his science, which he subtitled Adventures in 
the Simple and the Complex, in 1994. He is now 
reconciled with his children and spends most 
of his time in a lavish home in Santa Fe, New 
Mexico, filled with collections of art, cultural 
artifacts, and books. 
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The growing evidence for the big bang led Andrei Sakharov 
(1921-89), a physicist from the Soviet Union (now Russia), to develop 
a theory that connected cosmology to the subatomic world. Nothing 
in quantum theory or other subatomic theories favors either matter or 
antimatter. Yet the present universe has a large excess of matter rather 
than an even mixture of matter and antimatter. For such a situation to 
evolve, Sakharov realized that certain symmetries and conservation laws 
must have broken down under the extreme conditions of the big bang. 
Experimental evidence later demonstrated that this idea was correct. 
Outside of physics, Sakharov is better known for his leadership in two 
different areas. He led the Soviet efforts to develop a hydrogen (thermo- 
nuclear) bomb in the 1950s, but by the 1960s, he became increasingly 
concerned with the moral issues of that work and the serious biological 
effects that result from testing thermonuclear devices, not to mention a 
thermonuclear war. He spoke out and published articles on those issues, 
which resulted in his losing his security clearance and research privileges 
in military laboratories. Later, he added human rights to his list of politi- 
cal concerns. In 1975, scorned by his government but praised by most of 
the rest of the world, Sakharov was awarded the Nobel Prize for peace. 


Other Developments in 1960s 
Physics and Technology 


When the 1960s began, no human had ever been launched into Earth’s 
orbit. By the end of that decade, humans had orbited and walked on the 
Moon. Physicists were involved in nearly every aspect of those missions, 
but the work was primarily engineering and technology and is therefore 
not a focus of this book. The further reading list at the end of this chap- 
ter includes several excellent histories of space exploration that cover the 
accomplishments of the 1960s in detail. Those accomplishments include 
not only human exploration of the Moon and the Earth but also a num- 
ber of probes sent to other planets. 

Space exploration was not the only technological area that experienced 
astounding progress during the 1960s. Solid-state electronics advanced 
rapidly as more transistors and other circuit elements could be packed into 
integrated circuits. Each advance in technology led to the ability to perform 
more sophisticated mathematical operations in less time using less energy. 
By 1970, computers had become essential not only for engineering and 
science but also for most modern business and financial work. Personal 
computing and the Internet would not emerge for another decade or so, 
but experts were already envisioning those advances. Paragraphs similar 
to this one could be included in the remaining chapters of this book, but 
they would not be particularly enlightening: This book is not intended as 
a technological history and thus lacks the details needed for a full account- 
ing of the developments in electronics. Instead, the focus here is on the 
major contributions that physicists have brought to electronics. 
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One such contribution came in 1962 from a 22-year-old Welsh-born 
graduate student at England’s Cambridge University. Brian Josephson 
(1940- ) realized that quantum mechanics permitted electrons to form 
Cooper pairs (see preceding chapter) across a thin insulating gap between 
two superconducting layers. He predicted phenomena now known as 
Josephson effects that were extremely sensitive to changes in magnetic 
fields and described how those effects might be exploited in small elec- 
tronic structures that were naturally called Josephson junctions. The next 
year, Bell Laboratories scientists had fabricated the first Josephson junc- 
tions, and in 1964, researchers at Ford Research Lab invented and built 
the first superconducting quantum interference device (SQUID), which 
enabled them to measure changes in magnetic fields much smaller than 
ever before. Today SQUIDs are used to make many of the most sensi- 
tive measurements in science and technology, and engineers are looking 
ahead to a new generation of quantum computers that rely on Josephson 
junctions in their operation. Brian Josephson’s work earned him a share 
of the Nobel Prize in physics in 1973. 
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1971-1980: 
A New Synthesis Begins 


During the first seven decades of the 20th century, physicists had seen a 
radical transformation of their science. Newton’s laws, Maxwell’s equa- 
tions, and atomic theory no longer told the whole story of matter and 
energy. Now relativity and quantum mechanics lay at the core of physi- 
cal theory; atoms were known to be composed of even smaller particles, 
some of which interacted through previously unknown weak and strong 
nuclear forces; and physicists had found a host of other particles that 
were smaller than nuclei but were not part of any known substance. Gell- 
Mann’s eightfold way brought order to the subatomic realm, but some 
physicists still thought quarks were nothing more than useful mathemati- 
cal devices. Even the prediction of a fourth quark flavor (charm) in 1970, 
which made possible the unification of electromagnetism and the weak 
nuclear force, did not win over all the skeptics. Thus at the beginning 
of the eighth decade of the 20th century, research in subatomic particles 
was intense. But by the end of that decade, quarks had been observed in 
a variety of baryons, and there was evidence of a fifth quark flavor and 
strong suspicions of a sixth. 

From a historical perspective, all the major elements of what came 
to be called the standard model of particle physics were in place by the 
late 1970s. But at that time, physicists still wondered if their science 
was heading for an ice-cream store full of quark flavors, like the earlier 
particle zoo. That possibility remained open until the early years of the 
21st century, when physicists found firm evidence that there were no 
more than the same six quarks they had known or suspected for 25 years. 
Looking back, it is fair to say that the 1970s marked a transition period: a 
time of consolidating and applying new ideas, the beginning of a period 
of synthesis. Innovations in physics continued after that, of course, but 
most new developments were applications rather than theoretical break- 
throughs. 

This chapter is also transitional. The remainder of this book will 
have more emphasis on applications of physics than on transforma- 
tive ideas. For that reason, the physicist of the decade of the 1970s is a 
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man who straddled the divide between basic research and applications, 
Luis Alvarez (1911-88) of the Lawrence Berkeley Laboratory of the 
University of California. Alvarez won the Nobel Prize in physics in 1968 
for innovations in bubble chamber technology that led to the discovery 
of numerous subatomic particles, but he is probably best remembered 
for transforming scientific understanding of mass extinctions on Earth. 
In 1980, he and his team of researchers reported evidence that a moun- 
tain-size asteroid crashed into the planet 65 million years ago. Such an 
impact would set off a chain of events that would wipe out many spe- 
cies. It seemed like a wild idea when first proposed, but it is now widely 
accepted as the most plausible explanation for the end of the age of the 
dinosaurs. 


Quarks from Bottom to Top 


As noted in the preceding chapter, by 1972 physicists had observed 
quarks indirectly. Quarks could not be separated from one another, 
but a series of electron-scattering experiments at the Stanford Linear 
Accelerator Center (SLAC) in California and neutrino-scattering experi- 
ments at CERN in Switzerland revealed the internal structure of protons, 
neutrons, and strange baryons. All of those particles were like lumpy bags 
holding three separate entities, just as Gell-Mann’s theory predicted. 

So up, down, and strange quarks took their place among the fundamen- 
tal constituents of matter along with electrons, neutrinos, and the other 
leptons. The search was on for charm. On the morning of November 11, 
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1974, at a regularly scheduled advisory committee meeting at SLAC, two 
physicists began to realize they had found it. Samuel Chao Chung Ting 
(1936- ) of Brookhaven National Laboratory on Long Island, New 
York, met Burton Richter (1931- ) of SLAC and announced, “Burt, I 
have some interesting physics to tell you about.” 

Richter replied in kind. “Sam,” he said, “I have some interesting 
physics to tell you about.” In different experiments on opposite sides of 
North America, the two men had each found evidence of the same new 
particle. Richter’s research team had been designating it by the Greek 
letter psi, while Ting chose J, which resembles the Chinese character for 
‘Ting. They quickly settled on the somewhat awkward designation of J/ 
psi, the name by which the particle is still known. Richter and Ting knew 
that it had a mass more than three times that of a proton and typically 
decayed into other particles after about a hundred billionth of a billionth 
of a second. As short as that time seems, it is about 1,000 times as long as 
they would have expected for such a heavy resonance, or excited state, of 
another known particle (like the delta, sigma-star, and xi-star resonances 
described in the preceding chapter). That is what made it so interesting. 
If it was not an excited state, it must be a new particle in its own right, 
and it must have a property that delays its decay. 

After several months of additional experimenting and theorizing, phys- 
icists came to a consensus. The J/psi’s unknown property must be charm, 
and the particle is a meson made up a charmed quark and a charmed 
antiquark. The Nobel Prize committee did not delay in recognizing this 
achievement. Richter and Ting shared the physics award for 1976. 
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Burton Richter (right), 
codiscoverer of the charm 
quark, views a subatomic 

particle event display with 


Martin Perl (center) and 
Gerson Goldhaber. (Courtesy 


Interactions.org, Copyright 
SLAC) 





Particle physicists started congratulating themselves for completing 
matter’s family tree. Up and down quarks combined with the familiar 
leptons—electrons and electron-neutrinos—to make up normal matter. 
Strangeness and charm made up a more massive quark duo and had lepton 
counterparts known as the muon and the muon-neutrinos. That scheme 
seemed to include all known subatomic particles. But at the same time that 
Richter, Ting, and others were discovering the J/psi and deducing that it 
was charmed, a team of SLAC researchers led by Martin Perl (1927— ) was 
detecting the first of a series of puzzling events. They finally realized that 
they had discovered a new lepton about 17 times as heavy as a muon and 
about 3,500 times as heavy as an electron. They named it for the Greek let- 
ter tau. Its discovery led to Perl’s sharing the Nobel Prize in physics in 1995 
“for pioneering contributions to lepton physics” with Frederick Reines, who 
with Clyde Cowan first detected the electron-neutrino (see chapter 6). 

The new lepton did not have any known matching quarks or a cor- 
responding neutrino, but the patterns of particle physics suggested that 
there ought to be both. The neutrino would be hard to find but easy to 
name (tau-neutrino). The quarks soon had symbols t and b, corresponding 
to one of two sets of names: top and bottom, or truth and beauty. No mat- 
ter what they were called, it would take higher energies to bring them into 
existence. (Eventually, physicists settled on top and bottom.) In 1977, a 
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team led by Leon Lederman (1922- )at the Fermi National Accelerator 
Laboratory (Fermilab) in Batavia, Illinois, near Chicago detected a parti- 
cle they called upsilon and soon established that it was the beautiful coun- 
terpart of the charming J/psi. It is a meson composed of a bottom quark 
and its corresponding antiquark. Fermilab teams also eventually found 
the top quark in 1995 and the tau-neutrino in 2000. Lederman shared 
the Nobel Prize in physics in 1988, not for the discovery of the bottom 
quark, but for his earlier prediction of the existence of the muon-neutrino. 
His corecipients were Melvin Schwartz (1932-2006) and Jack Steinberger 
(1921- ), both of Columbia University in New York City, who detected 
muon-neutrinos in an experiment at Brookhaven in 1962. 

One other notable discovery in particle physics came in 1979 at the 
Deutsches Elektronen Synchrotron laboratory (DESY) in Hamburg, 
Germany. Researchers there observed the first conclusive evidence for 
gluons, the gauge bosons presumed to be exchanged by quarks as the 
carriers of the strong force. 


Grand Unified Theories 


The discovery of charm was the experimental evidence that theorists, 
like Sheldon Glashow and his colleagues (see preceding chapter), needed 
to support their unification of the electromagnetic and weak forces. The 
details of their electroweak theory are too advanced for this book but can 
be described in general terms. Like Gell-Mann’s theory of the strong 
force, the theory that unified electromagnetism and the weak nuclear 
force was based on mathematical symmetry. For mathematical physicists, 
that success led them to seek an even deeper symmetry that encompassed 
the strong nuclear force as well. They referred to that goal as the Grand 
Unification Theory, or GUT: 

Glashow and many others proposed a number of different approaches 
to achieving a GUT, but none proved successful. Some formulations 
seemed unnecessarily complex and made predictions that were not pos- 
sible to test experimentally. One very intriguing—and testable—attempt 
at a GUT led physicists to a series of experiments in which they used 
neutrino detectors to search for proton decays. Before that theory was 
developed, physicists viewed protons as stable forever, but now some 
wondered if protons would decay on extremely rare occasions—so rare 
that perhaps one proton in the body of a human being would decay dur- 
ing that person’s lifetime. Large neutrino detectors would have revealed 
such rare events, but after a number of major experiments, not a single 
proton decay was confirmed. 

The GUT efforts were not abandoned entirely. In fact one approach 
has led to several decades of theoretical research and is thus worthy of 
mention here and in later chapters. Led by John H. Schwarz (1941- ), 
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String theory describes subatomic 
particles as resonances on a 
many-dimensional string, just as 
a musical string can vibrate in 
many modes to produce different 
notes. The modes of the one- 
dimensional string shown here 
all have nodes (fixed points) 

at the end of the string, but the 
wavelengths of the vibration can 
vary. The fundamental note at 
the top resonates with one up- 
and-down segment in the string. 
The first overtone, immediately 
below it with two segments, has 
a wavelength half as long as the 
fundamental. Other overtones 
have two, three, four, . . . , nine, 
and more segments. A similar 
mathematical approach with 
many dimensions yields the 
properties of subatomic particles, 
such as protons and neutrons, 
and their resonances, such as 
the delta particles discussed in 
chapter 7. 
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who joined the physics faculty at Caltech after completing his doctor- 
ate at the University of California, Berkeley, the approach is called 
string theory. That theory describes elementary particles by a math- 
ematical analogy to a string, which is a one-dimensional object that can 
vibrate in three-dimensional space. The early versions of string theory 
had 10 dimensions (a nine-dimensional space plus time), and it predicts 
subatomic particles as a set of allowed vibrations of that string. 

Specifically, the string can vibrate in many modes and produce differ- 
ent tones—the fundamental note plus a series of overtones. (See drawing 
above.) By analogy, each of the nine dimensions of string theory corre- 
sponds to a property of matter, and the allowed modes of vibration corre- 
spond to different subatomic particles. A major reason for the high level 
of interest in string theory is that it encompasses not only the electroweak 
and strong interactions but also gravity. 

Schwarz published his first paper on string theory in 1971, but it has 
yet to achieve the broad acceptance of quantum mechanics or relativ- 
ity. String theory was then and is still in the intermediate stage between 
proposal and experimental confirmation. It is like Planck’s quantum 
before Einstein’s work on the photoelectric effect or Dirac’s prediction of 
antimatter before the discovery of the positron. Its mathematical results 
seem to apply to physics, but there are no experimental phenomena that 
can be tied to it directly. 


Quantum Entanglement 


In 1969, John F. Clauser (1942- ) of Columbia University, along with 
colleagues from Boston University and Harvard, suggested a way to use 
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polarized light to test one of the most unusual and contentious predic- 
tions of quantum mechanics, the phenomenon of entanglement. Albert 
Einstein had another name for it, “spooky action at a distance.” It was, 
in fact, his major criticism of quantum theory, even going beyond his 
famous “God does not play dice.” (See chapter 5.) Entanglement is best 
understood by looking at a particular example. This is not the experi- 
ment that Clauser proposed, because to explain that would require a 
section to explain polarized light and the spin of photons. This example 
describes the entanglement of spin-%2 particles, such as protons, neu- 
trons, or electrons. Suppose two particles, which pass the same point 
while moving in opposite directions, interact so that their spins align 
in opposite directions, one pointing east and the other west. Some time 
later, they each pass a detector that measures spin along the north-south 
direction. 

According to quantum mechanics, the single-particle wave function 
for each particle is an equal mix of spin-north and spin-south states. Each 
detector is thus equally likely to register a northward-pointing spin as a 
southward-pointing spin. The spin of the particle along the north-south 
direction is not determined until the measurement takes place. Since the 
two particles are now separated in space but have their spins measured 
at the same time, there is no way for one north-south spin detector to 
influence the other. Thus using single-particle wave functions, the analy- 
sis produces equal likelihood for the two spin measurements to be in the 
same direction (both north or both south) as to be in opposite directions 
(one north, one south). 

But when the analysis is done using a two-particle wave function, 
the result is that the spins remain opposite. Before the particles enter 
their respective detectors, neither one has a particular north-south 
preference. But the detection of one spin as northward-pointing 
forces the other to point southward. The particles, though separated, 
have their spins permanently entangled. To Einstein, that action 
was “spooky” because there is no time to communicate a message 
from one particle across the distance to its partner, yet the part- 
ner responds instantaneously to the other’s measurement. In 1974, 
Clauser and his team built the apparatus that he and his Harvard and 
Boston colleagues had suggested in 1969. They expected to rule out 
quantum entanglement, because it seemed to violate the relativistic 
rules of cause and effect, but they instead discovered that it was a real 
phenomenon. 

‘To the present day, some scientists argue that the experiment was 
flawed, but as each criticism is addressed, the phenomenon of quan- 
tum entanglement survives. That discovery has opened up a number of 
important technological possibilities, especially in the area known today 
as quantum computing. 
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Quantum entanglement, which 
Einstein called “spooky action at 
a distance,” has been confirmed 
in experiments like this one. If a 
property of two particles can be 
set into a particular relationship 
when the particles interact, such 
as the aligning of the direction 
of their spins oppositely 

in the east-west direction, 
quantum entanglement states 
that relationship continues 

even when the particles are 
separated. For example, if the 
spin of either particle is later 
measured along the north-south 
direction, quantum mechanics 
predicts that it will be equally 
as likely to point north as south. 
If the particles’ quantum wave 
functions were independent, 
their north-south spins would 
thus be equally likely to be the 
same as opposite. But it turns 
out that the particles’ spins are 
entangled through a two-particle 
quantum wave function. Thus 
measuring one as north forces 
the other to be south, even if 
there is not enough time to send 
a message from one to the other 
at the speed of light. 
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Applications of Physics and Connections 
to Other Sciences in the 1970s 


Physics made news in the 1970s not only for continued discoveries 
in the subatomic realm but also for many applications of physics in 
other sciences, engineering, and technology. In electronics, new micro- 
fabrication techniques, many of which relied on development of new 
materials and improved devices such as lasers, led to integrated circuits 
of increasing complexity. Entire central processing units of computers 
could be laid out on silicon chips. Calculating power that once required 
huge air-conditioned rooms with their own electrical service could now 
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be placed in devices small enough to carry. In 1971, Texas Instruments 
began selling the first pocket electronic calculators. Engineers, who 
once could be identified by the precision slide rules that hung on their 
belts, now had handheld electronic gadgets that could calculate faster 
and to greater precision. By mid-decade, the age of personal computing 
had begun, with the 1977 Apple I leading the way. 

The availability of additional computing power also led to a new 
medical application of a technique that physicists and chemists had been 
using to investigate the internal structure of solids, nuclear magnetic 
resonance, or NMR. The technique relies on the fact that protons and 
neutrons, like electrons, have spin. The familiar magnetic properties 
of some substances, such as iron, result from the spin of electrons. In 
the quantum scheme of things, spin-up electrons tend to form pairs 
with spin-down electrons, but especially if there is an odd number of 
electrons, not all of an atom’s electrons have partners. When the crystal 
structure is right, the unpaired electron spins tend to align, producing 
strong magnetism. Meanwhile, in the nucleus, protons and neutrons 
with opposite spins also pair off. Again, especially when there is an odd 
number of protons or neutrons, the nucleus is left with one or more 
unpaired spins and thus can act as a tiny magnet. 

The nuclear magnets align with the material’s internal magnetic 
fields, and they also respond to applied magnetic fields from the outside. 
If those applied fields rotate, a nucleus can behave like a tilted spinning 
top. Its magnetic axis will trace out a circular path at a particular natural 
frequency. When the frequency of the rotating field matches the natural 
frequency, the nucleus absorbs energy. That is a resonance phenom- 
enon—in this case, nuclear magnetic resonance—like those discussed 
earlier in the book. The natural frequencies and directions of NMR 
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The phenomenon of nuclear 
magnetic resonance (NMR), 
illustrated here, is the key to 
the valuable medical technique 
of magnetic resonance imaging 
(MRI). 
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enable scientists to determine the internal magnetic fields of the mate- 
rial and thus understand more about its crystal structure. The discovery 
of NMR and its usefulness for understanding the properties of solids led 
to the Nobel Prize in physics in 1952, awarded to Felix Bloch (1905-83) 
and Edward Purcell (1912-97). 

But outside of the scientific research community, NMR was not of 
great interest in the 1970s until Paul Lauterbur (1929-2007) of the 
State University of New York at Stony Brook suggested a technique that 
used NMR measurements to create images of a slice of material. Peter 
Mansfield (1933- ) of the University of Nottingham, England, extend- 
ed Lauterbur’s techniques to the resonances of hydrogen nuclei in living 
matter and developed techniques for rapid imaging. Raymond Damadian 
(1936— ) founded the FONAR Corporation in 1978 to manufacture the 
first NMR scanners. Because of the public’s tendency to connect the word 
nuclear with heath risks and weapons, the medical devices were quickly 
designated magnetic resonance imaging (MRI) devices. Lauterbur and 
Mansfield were awarded the 2003 Nobel Prize in physiology or medi- 
cine. Damadian, believing that his technological contributions to MRI 
deserved the same recognition as Lauterbur’s and Mansfield’s scientific 
ones, ran a full-page ad in the New York Times claiming that the awards 
committee had treated him unfairly by leaving him out. 

Another major scientific development with a strong connection to 
physics was the announcement by Nobel Prize-winning physicist Luis 
Alvarez of the University of California, Berkeley, that he; his son, Berkley 
geologist Walter Alvarez (1940- ); and Berkeley chemists Frank Asaro 
(1927— ) and Helen Michel (1933?— ) had uncovered the cause of the 
mass extinction at the end of the Cretaceous period, 65 million years 
ago. Their conclusion was that an asteroid as large as Mount Everest had 
slammed into Earth and set off a series of global calamities that wiped out 
many species, including the dinosaurs. 

The research began when Walter Alvarez returned from Italy with a 
piece of rock that contained a thin layer of sediment separating distinctly 
different fossils of the Cretaceous and ‘Tertiary periods of Earth’s history, 
the so-called K-T boundary. He asked his father if there was a way to 
measure how long it took for that layer to be deposited. Luis Alvarez was 
an expert in cosmic rays, and he realized he could make use of the steady 
rain of particles from space to answer his son’s question. In particular, 
the rare element iridium, a member of the platinum family, could be 
detected using a technique called neutron activation analysis (see chapter 
4). When a high-energy neutron strikes an iridium nucleus, the iridium 
produces a distinctive gamma ray. Measuring the amount of iridium in 
the layer, he concluded, would enable them to compute how long the 
layer took to build up. 

From other geological evidence, Walter Alvarez knew that the layer 
took at most a few thousand years to accumulate. Using Luis Alvarez’s 
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estimate of how much iridium that would represent, neutron activation 
experts Asaro and Michel were not sure there would be enough to mea- 
sure. Still, they had just gotten an improved neutron-activation system 
in their laboratory and were eager to try it out. Their measurement 
was astounding. There was as much iridium in that thin layer as would 
normally accumulate in about a half-million years. They checked and 
confirmed their measurements. Then they started tossing out hypotheses 
for what could cause that “iridium anomaly.” The only idea that held up 
to scrutiny was the asteroid hypothesis. It seemed outrageous, yet it could 
be tested by measuring other K-T boundary rocks from other locations. 
So in 1980, they published their results and waited for other measure- 
ments to support or challenge their hypothesis. 

Other K-T layers from around the world showed similar results. 
Ultimately, scientists not only accepted the Berkeley group’s conclusions 
but also found what they believe to be the asteroid’s impact crater, eroded 
but still discernable by subtle magnetic and gravitational deviations, at 
Chicxulub on the coast of Mexico’s Yucatán Peninsula. 

One other area where physics played a prominent role in the 1970s 
was the exploration of space, especially the solar system. Apollo Moon 
missions continued until 1972, several spacecraft explored Venus and 
Mars, and two Voyager missions explored the giant outer planets Jupiter, 
Saturn, Uranus, and Neptune and their moons. For more information 
on these missions, readers should consult the Further Reading section 
below. 


Luis Alvarez (right), with his 
team of son Walter Alvarez, 
Frank Asaro, and Helen Michel 
(right to left), used neutron 
activation analysis to discover 
the so-called iridium anomaly 
that led to the widely accepted 
theory that an asteroid impact 
caused the mass extinction that 
ended the Cretaceous period and 
the era of the dinosaurs. (Ernest 
Orlando Lawrence Berkeley 
National Laboratory, courtesy 
AIP Emilio Segré Visual 
Archives) 
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Scientist of the Decade: Luis Alvarez (1911-1988) 


In a word, Luis Walter Alvarez was inventive. 
Whether he was involved in the quest for sub- 
atomic particles, the defense of his country, the 
investigation into the murder of President John F. 
Kennedy, the search for hidden chambers in an 
Egyptian pyramid, or the discovery and interpreta- 
tion of clues about the extinction of the dinosaurs 
in a thin layer of sediment, “Luie” (as he was 
known to almost everyone in the scientific com- 
munity) had a unique way of viewing problems, 
which led to uniquely creative solutions. 

Born in San Francisco on June 13, 1911, Luis 
traced his ancestry to Spain, where his paternal 
grandfather was born before coming to Los 
Angeles by way of Cuba, and Ireland, where his 
mother’s missionary family had roots. His father, 
Walter Clement Alvarez, was a successful physi- 
cian and medical researcher who allowed young 
Luie to discover the tools and equipment in his 
laboratory. By age 10, the boy knew how to use 
all the lab’s small tools and could wire together 
electrical circuits. 

In 1925, the Alvarez family moved to Rochester, 
Minnesota, where Dr. Alvarez took a position at 
the famous Mayo Clinic. During high school, 
Luis worked at the clinic as a summer apprentice 
in the instrument shop, and after graduation, 
he enrolled at the University of Chicago, where 
he discovered physics. There he had the rare 
opportunity to use the equipment and work with 
the technicians of legendary physicist Albert A. 
Michelson (1852-1931), whose precise mea- 
surements of the speed of light first cast doubt 
on the existence of the luminiferous ether (see 
Introduction and chapter 1). Blessed with an out- 
standing memory and a passion for his subject, 
he read and digested every article Michelson had 
written. 

While still a college student in 1934, Luis took 
flying lessons and was able to begin soloing after 
only three hours of instruction. His experience in 
the cockpit came in handy during World War II 
(see below), and he remained an active pilot until 
he was 73 years old. 


After his 1936 graduation from Chicago, 
Luis Alvarez accepted an invitation from Ernest 
Orlando Lawrence (see chapter 4) to continue 
his studies at Berkeley, where he eventually 
became a faculty member. Family connections 
helped, since Luis’s father had helped raise 
money for one of Lawrence’s cyclotrons, and his 
sister worked for Lawrence as a part-time secre- 
tary. But his talents quickly justified the offer. He 
devoured every journal article ever written about 
nuclear physics. Years later, he would aston- 
ish other scientists by reproducing a graph or 
recalling an obscure fact, then citing the original 
reference by authors, journal, and year of publi- 
cation. Sometimes he could tell them precisely 
where the journal was located in the library and 
whether they would find the item on a left- or 
right-hand page. 

But more than memory was at work with Luis 
Alvarez. For his research, he decided to make a 
measurement that Hans Bethe (see chapter 4) said 
could not be done, and he proved Bethe wrong. In 
four years, he made several other major discover- 
ies, including the radioactivity of the hydrogen iso- 
tope tritium (atomic mass 3: one proton plus two 
neutrons) and a form of radioactive change called 
electron capture, in which a proton unites with one 
of an atom’s inner electrons to form a neutron. In 
1940, World War II interrupted his work on nucle- 
ar physics. He went to the Massachusetts Institute 
of Technology (MIT) Radiation Laboratories, where 
he worked on radar systems until 1943. He devel- 
oped two important inventions, one for a radar 
bombing system and another that fooled the crews 
of surfacing enemy submarines into thinking that 
an attacking airplane was going away. He then 
went to Chicago and then Los Alamos to apply his 
inventive mind to the problem of how to detonate 
atomic bombs (see chapter 5). In 1946, the British 
honored Alvarez with the prestigious Collier Air 
Trophy for his work at MIT. 

When the war ended, Alvarez returned to 
Berkeley, where he invented or developed several 
techniques to accelerate subatomic particles and 
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The varied career of Luis Alvarez. Left to right: As a graduate student studying cosmic rays in 1933 with his adviser, 

Arthur Compton at the University of Chicago (Brookhaven National Laboratory) With bubble chamber display at 

Berkeley (Brookhaven National Laboratory) Receiving National Medal of Science from president Lyndon B. Johnson (Ernest 
Orlando Lawrence Berkeley National Laboratory, courtesy AIP Emilio Segré Visual Archives) 


detect the products of the resulting high-energy 
interactions. Most notable was an improvement to 
bubble chamber technology, which led to the dis- 
covery of many subatomic particles and resonanc- 
es. Without those discoveries, which led to his 1968 
Nobel Prize in physics, Murray Gell-Mann would 
never have been able to devise his eightfold way. 

Alvarez had broad interests and knowledge, 
which led him to several fascinating projects later 
in his career. In 1964, the Warren Commission, 
which was investigating the 1963 assassination 
of President John F. Kennedy, brought him in to 
analyze a famous amateur motion picture of the 
shooting. At about the same time, bemoaning 
his need for bifocal glasses, he invented the vari- 
able focus lens, which led to a successful optical 
instrument company. A few years later, he devised 
a way to use cosmic-ray muons to probe the inte- 
rior of the Pyramid of Chefren for secret passages. 
His results showed there were no hidden cham- 
bers, but the project still captured the imagination 
of all who heard about it. 

In 1977, as he was entering retirement, Luis 
Alvarez began what was to prove his most memo- 
rable and exciting work. It started with a rock 
presented to him as a gift from his son Walter, a 
geology professor at Berkeley. The rock contained 


a layer of clay or sediment that marked the bound- 
ary between two geologic periods, the Cretaceous 
and the Tertiary. The Cretaceous period apparently 
ended abruptly with the extinction of many spe- 
cies, including the dinosaurs. But how abruptly, 
Walter wondered. Was there anything in that layer 
that might provide a hint? As related in the main 
body of this chapter, Luis’s knowledge of cosmic 
rays led them to a surprising theory and a new 
understanding of the history of life on Earth and 
the role that cosmic impacts might play in it. 
Near the end of a memorial appreciation, 
Richard A. Muller, a Berkeley colleague and one 
of Alvarez’s most successful students wrote this: 


I shall always remember Luis Alvarez 
as a man who loved thinking above all 
else. ... Only one out of ten ideas, he said, 
was worth pursuing. Only one out of ten of 
these would last a month. Only one out of 
ten of those would lead to a discovery. If 
these figures are true, then Luis must have 
had tens of thousands of ideas. 


The many ideas of Luis Alvarez—Nobel laure- 
ate, recipient of the National Medal of Science, and 
a man enshrined in the National Inventor's Hall of 
Fame—changed physics and changed the world. 
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1981-1990: 
Broadening Public Discourse 


As noted in the previous chapter, the last 20 years of the 20th century 
appear to be marked more by applications of physics rather than by 
mind-boggling new theories or breakthrough experiments. The word 
appear in the preceding sentence is important. It is legitimate to ask if 
that is really a historical trend or if it merely reflects a lack of historical 
perspective. Twenty years may simply not be enough time to recognize 
the revolutionary nature of a new theory or discovery. However, a look 
back on the 1980s from early in the 21st century does reveal increased 
public interest in physics and the role of physicists in society. In part, 
that can be attributed to the nature of the discoveries, such as the Alvarez 
team’s hypothesis of an asteroid impact. It can also be related to chang- 
ing politics, which led to government funding for applications of science 
rather than for new research. But perhaps the most important factor in 
the public’s perception resulted from a change within the physics com- 
munity itself. Many physicists realized that public support for their sci- 
ence would benefit if they made more direct connections with the many 
nonscientists who were intensely curious about the century’s great new 
ideas and discoveries in physics and astronomy. 

In particular, two very different physicists with very different 
approaches and interests capitalized on that curiosity in notable ways. 
Largely through his Cosmos television series but also through his books, 
Cornell University astronomy professor Carl Sagan (1934-96) promoted 
a sense of wonder about the universe. Across the Atlantic at Cambridge 
University in England, Stephen Hawking (1942- ), holding the title of 
Lucasian Professor of Mathematics that had once been Isaac Newton’s, 
capitalized on the public’s interest in relativity and quantum mechanics 
by writing a book that became a surprise best seller, A Brief History of 
Time. 

‘Television viewers loved Sagan’s genuine enthusiasm about the cos- 
mos, and he became a celebrity; but his fame also brought criticism. His 
detractors saw his broadcast work as self-promotion, designed as much 
to inspire awe in Carl Sagan’s genius as in the wonders of the universe. 
But they were in the minority. Regardless of his motives, Sagan made the 
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most of his public acclaim to encourage interest in science. He also used 
it to promote a political agenda, as described below. Hawking’s celebrity 
developed in part because he dared to try to explain the challenging 
concepts of quantum mechanics and relativity to general readers without 
recourse to complicated mathematics and in part because he had a com- 
pelling life story. For that reason, and because Sagan’s work was primarily 
astronomy rather than physics, Hawking is this chapter’s scientist of the 
decade. 


Particle Physics and Quantum Effects 


Progress in particle physics continued in the 1980s with the building 
or improvement of particle accelerators that produced more energetic 
collisions or had better particle detection techniques. The new particles 
discovered in the 1980s were not unexpected. Rather, their detection 
confirmed previous predictions. For example, in 1983, research teams 
at CERN detected the W and Z particles, the gauge bosons that are 
exchanged in the weak interaction. Even though these had been antici- 
pated, their detection was exciting. As noted in chapter 7, the theory of 
the weak interaction required positive and negative Ws. The work by 
Sheldon Glashow’s team that combined the weak interaction with elec- 
tromagnetism also led to predictions of a new quark flavor (charm) and 
the neutral Z particle. The discovery of the J/psi in 1974 had confirmed 
the existence of charm, so the detection of the Z was eagerly awaited as 
the final piece of supporting evidence for the electroweak unification. 
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Another discovery came from Cornell University, where researchers 
had built a device called the Cornell Electron Storage Ring (CESR) 
in the late 1970s. In 1979, CESR produced its first electron-positron 
collisions. The high energy produced when an electron and positron 
annihilate each other made it possible to create and detect particles 
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containing the bottom quark, in particular the two types of B meson 
detected in 1983: the electrically neutral B-zero (a bottom plus an anti- 
down) and the negatively charged B-minus (a bottom plus an anti-up). 
Physicists were especially interested in a particular property known as 
CP symmetry violation, which was expected in and was indeed exhibited 
by the B-zero. (CP stands for “charge parity,” referring to a combination 
of electric charge reversal and mirror imaging.) That property was first 
observed in K-zero mesons (down plus anti-strange) and was essential 
for developing an understanding of the distinction between matter and 
antimatter. 

Also in the 1980s, the slow accumulation of data in the large, under- 
ground neutrino detectors continued to support Raymond Davis’s early 
results (see chapter 6). With improvements in equipment, the number 
of solar neutrino detections had reached 2,000, and the rate was still 
about a third of what was expected. In 1987, light reached Earth from a 
supernova event in the neighboring Large Magellanic Cloud (170,000 
light-years away). According to astrophysical theories of supernovas, 
a blast of neutrinos was also expected. Physicists led by Masatoshi 
Koshiba at Japan’s new Super-Kamiokande detected 12 neutrinos from 
the distant exploding star, confirming astrophysicists’ understanding 
of the supernova process and giving credibility to their giant detector’s 
data. In 1989, Koshiba reported that his group was detecting solar neu- 
trinos at a rate greater than Davis had, but still far less than expected. 
The detection of neutrinos from Supernova 1987A demonstrated that 
the detector could not be blamed for the missing solar neutrinos, and 
the theory of nuclear processes in stars seemed sound. Thus physicists 
realized their understanding of neutrino behavior was incomplete. 
Something was happening to the neutrinos between the Sun and the 
detector, but what? 

Evidence supporting another puzzling phenomenon, quantum entan- 
glement, also grew in the 1980s. In 1982, at the Institut d’Optique in Orsay, 
France, Alain Aspect (1947— ) devised an experiment to test entangle- 
ment in a different way than the Clauser group had done (see preceding 
chapter). Both the Aspect and Clauser experiments are examples of tests 
of Bell inequalities, devised in 1964 by Belfast-born CERN physicist 
John Bell (1928-90) to determine whether quantum entanglement actu- 
ally occurred. The Aspect experiment addressed certain doubts about the 
validity of Clauser’s experiment and its interpretation. To explain those 
concerns here would require a philosophical and mathematical discussion 
that is beyond the scope of this book. The important point, however, is 
that the Aspect group’s results supported Clauser’s original conclusion. 
The experiment persuaded most doubters that nature is indeed governed 
by quantum mechanical principles that lead to entanglement, no matter 
how “spooky” that may seem to some people. 
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GUTs, Superstrings, and Cosmic Inflation 


Quantum entanglement was not the only discovery of the 1970s and 
1980s that many physicists considered puzzling, odd, or spooky. Detailed 
measurements of the cosmic microwave background (see chapter 7) in 
different directions were remarkably consistent with each other. Why 
is that puzzling? Consider an earthbound observer looking in opposite 
directions in the sky and measuring the temperature of the cosmic back- 
ground. At the most extreme, the two locations are separated by twice 
the distance that light would have traveled since the big bang. That same 
situation would have always been true for those regions at all times in 
the past as the universe expanded, unless that expansion was faster than 
light. Since the theory of relativity prohibits particles from moving faster 
than light, those regions never should have been able to exchange energy 
or influence one another. Statistical mechanical analysis of the big bang 
predicts a certain amount of random variation in temperature between 
different regions of space. For regions that are close enough to com- 
municate or exchange energy with one another, their temperature differ- 
ences will diminish; that is, they will approach thermal equilibrium with 
one another. For those widely separated regions, however, the variation 
that existed at the big bang should still be apparent. Yet it is not. The 
measured variation in temperature of the cosmic background indicates 
that even the most widely separated regions have reached thermal equi- 
librium. They may not be able to communicate with one another now, 
but they must have exchanged energy sometime in the past. 

How could that be? In 1981, Alan Guth (1947- ), a physics profes- 
sor at the Massachusetts Institute of Technology, proposed an explana- 
tion for that odd result. His idea, which he called inflation, blended a 
grand unified theory (GUT) with the physics of phase transitions, such 
as freezing or melting. As he explained it, during an unimaginably short 
time after the big bang, the entire universe underwent a phase change 
during which space itself expanded at a rate much greater than the speed 
of light. Before that phase transition, all matter/energy was unified. 
That led to thermal equilibrium between all regions of the universe, 
including those regions that were too far apart to communicate after 
that transition. At about the same time as Guth proposed cosmic infla- 
tion, John Schwarz and Michael Green (1946- ) modified string theory 
by adding another dimension and calling it superstring theory. As the 
decade proceeded, other physicists added even more dimensions—the 
precise number depending on the particular version of superstring 
theory that the physicists preferred. The number of physicists involved 
in string theory research increased rapidly in the 1984-86 period, as they 
realized the mathematics could describe all the subatomic particles and 
their interactions. 
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GUTs, superstrings, and cosmic inflation provide useful mathematical 
descriptions that tie together cosmology—the study of the behavior of 
the universe as an entity—and the physics of subatomic particles. Those 
approaches were developed to provide a foundation for a wide variety 
of observed physical phenomena, but none of them has yet led to a pre- 
diction of a testable but unobserved phenomenon. Until that happens, 
some physicists are reluctant to consider any of those approaches as a 
full-blown “theory,” since scientists usually reserve that term for ideas 
that are not only supported by a large body of evidence but have also 
demonstrated their predictive power. This book follows the common ter- 
minology, using “string theory” and “grand unified theory” for example, 
even though calling them theories probably overstates the case. 


A Brief History of Physics Books 
and Scientific Celebrity in the 1980s 


By the late 1980s, physics had reached a point in its history that resembled 
the late 19th century. Quantum mechanics, relativity, and the theories of 
the nuclear interactions had replaced Newtonian mechanics, Maxwell’s 
equations, and atomic theory as the fundamental foundation of physics, but 
superstrings and cosmic inflation suggested that other fundamental ideas 
were yet to be discovered. Would new theories complete the tapestry of 
physics, or would they cause it to unravel, just as radioactivity and Planck’s 
quantum had done in the early decades of the 20th century? Questions 
like that drove Stephen Hawking’s research at Cambridge. Hawking also 
sensed a deep fascination in those questions among educated non-physi- 
cists, and he set about to respond to that interest. The result was a 1988 
book entitled A Brief History of Time: From the Big Bang to Black Holes. 

As readers worked through its pages, they encountered many ideas 
that challenged their intuitive view of space, time, and matter. For many, 
the book provided a fascinating intellectual ride, but in the end, they 
had a difficult time explaining what, if anything, they had learned. Still, 
Hawking’s engaging writing style led people to recommend it to their 
friends. The book became a best seller, though most people who bought 
it never read most of its pages or fully grasped its key points. To them, it 
was enough to share Hawking’s enthusiasm for his questions and specula- 
tions about space, time, matter, and energy. Readers also found the book 
remarkable because of the effort that went into producing it. Hawking is 
a quadriplegic who communicates with the help of a computer and voice 
synthesizer, which he controls with the help of a device that responds to 
slight movements of his hand. For a profoundly disabled person to fulfill 
the obligations of his professorship and to write such a book for the gen- 
eral public was remarkable indeed. 

Even though A Brief History of Time captured the public’s interest, 
Hawking was not the best-known celebrity-scientist of the 1980s. That 
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Carl Sagan, known for his 
popular books and the TV series 
Cosmos (Cornell University, 
courtesy AIP Emilio Segré 





Visual Archives) 


distinction belonged to Carl Sagan, who was a prolific author of popu- 
lar books and magazine articles about science, including his 1979 book, 
Broca’s Brain, with speculations about alien life and artificial intelligence, 
which won a Pulitzer Prize, one of the highest honors in the world of 
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art and literature. Sagan had also become a television personality for his 
frequent guest appearances on NBC’s Tonight Show with Johnny Carson 
and as the host of his own public television series Cosmos, which led to a 
best-selling book by the same name. 

Sagan’s greatest scientific interest was the quest for life on other 
worlds, which he frequently connected to environmental concerns on 
Earth. His doctoral thesis in the late 1950s included an analysis of the 
atmosphere of Venus, which he argued was so rich in carbon dioxide that 
it caused a runaway greenhouse effect, a phenomenon in which a planet’s 
atmosphere acts like a glass greenhouse. The atmosphere is transparent 
to solar energy in the form of visible light, which passes through and 
heats the planet’s surface, but it traps the infrared radiation emitted by 
the hot surface. On Venus, Sagan concluded, that phenomenon led to 
surface temperatures hot enough to melt aluminum. Could a similar fate 
befall Earth? Long before global warming became a major political topic 
around the world, Sagan was among the first scientists to raise the alarm 
about the increased rate of burning fossil fuel. That burning had already 
produced a measurable increase in atmospheric carbon dioxide on Earth. 
Future increases posed a risk of serious global warming and a disruption 
of Earth’s climate. In the late 1980s, some scientists saw worrisome signs 
that the changes had already begun, although the observations could 
also be interpreted as normal variation. Even if a trend had begun, it 
was too soon to make the case that human activities, such as burning of 
petroleum and coil, were responsible for the changes. 

Meanwhile, Sagan and his colleagues saw an even greater threat to 
life on Earth, a phenomenon called nuclear winter that they speculated 
would result from a nuclear war in which the major powers detonated 
their full arsenals of thermonuclear weapons. In a scientific paper that 
became known as TTAPS after the initials of its five authors (the S 
stood for Sagan), the researchers drew on the analysis by Alvarez’s 
team and others about the global climate changes that followed the 
Cretaceous-ending asteroid impact. That event created a global cloud 
of dust and a storm of glowing rock that had been blasted into space 
and fell back to Earth as meteors, setting off forest fires around the 
globe. For years, a pall of dust and smoke blocked most sunlight and 
created wintry conditions everywhere on the planet. TTAPS argued 
that a nuclear war could raise a similar dust cloud with an equally 
catastrophic outcome. 

As is usually the case with such dramatic claims, the TTAPS paper 
had many critics who disagreed about the extent of climate disruption 
a nuclear war would cause. Still, the TTAPS predictions added a new 
dimension to international discussions about nuclear arms. It is gener- 
ally considered an important factor in moving the major nations toward 
nuclear arms reduction treaties in the 1980s. Sagan may have been the 
fifth of five authors of the study, but he was clearly its major public 
advocate. Ironically, his arguments in favor of the study’s conclusions 
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broke a rule for which he is widely known: “Extraordinary claims require 
extraordinary evidence.” The evidence favoring nuclear winter was not 
extraordinary, and Sagan knew it. But in his view, the consequences were 
dire—far worse than the unimaginable devastation that the bombs them- 
selves would cause. The world could not afford to take the chance that 
the extraordinary TTAPS result would be right. 


Breakthroughs in Condensed Matter Physics 


By the early 1980s, most physicists had begun calling solid-state physics 
by a new name, condensed matter physics, following the lead of 1977 
Nobel laureate Philip W. Anderson (1923- ), who changed the name 
of his research group in 1967, and the American Physical Society, which 
renamed the former Division of Solid State Physics in 1978. No matter 
what the field was called, it was responsible for two of the most signifi- 
cant breakthroughs in physics in the 1980s, both of which were promptly 
recognized with Nobel Prizes. 

The first came in 1981, when two researchers at IBM Zurich Research 
Laboratory in Switzerland, Gerd Binnig (1947- ) and Heinrich Rohrer 
(1933— ) invented a device that enabled scientists to create images of 
individual atoms on the surface of a material, the scanning tunneling 
microscope (STM). The STM takes advantage of the quantum mechani- 
cal phenomenon known as tunneling, which results from the wave nature 
of objects that are usually considered particles. For example, most elec- 
trons at the surface of a solid are usually viewed as belonging to particular 
atoms, but in fact, their wave function extends beyond the atom. When 
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the point of a very sharp metal needle is placed very close to the surface, 
the wave functions of the electrons at the needle’s tip and of electrons 
on the material’s surface overlap. Quantum mechanical calculations yield 
this result: At any time, there is a chance of finding an electron from the 
needle in the material or vice versa. The closer the needle is to the sur- 
face, the greater the chance for that to occur. Normally, a certain ionizing 
voltage would be necessary to draw an electron out of the needle tip or 
the surface and across the gap between them, but the quantum mechani- 
cal phenomenon permits that transfer to happen even if there is a much 
smaller voltage. It is as if electrons tunnel through a barrier that they 
do not have enough energy to surmount and emerge on the other side. 
The smaller the gap, the larger the tunneling current becomes. Thus if 
a needle scans back and forth across a surface, the size of the tunneling 
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Using the same principles that 
led to the development of the 
scanning tunneling microscope 
(STM), it is possible to 
manipulate individual atoms, 
as shown in this STM image of 
xenon atoms spelling out IBM 
on acrystal of nickel. (IBM) 





current reflects how close the needle is to an individual atom. Binnig and 
Rohrer perfected a technique that detected that tunneling current and 
displayed it like a television picture. 

By the time the pair was awarded the Nobel Prize in physics in 1986, a 
number of variations of the STM technique were yielding valuable results. 
Atomic force microscopes were measuring and displaying the variation of 
the electric force between the needle and the surface, and other devices 
were even moving individual atoms to form artificial arrangements. (To 
demonstrate that capability, IBM wrote its corporate name with xenon 
atoms on nickel in dot-matrix letters a few atoms high.) 

Winning a Nobel Prize within five years of a discovery is remarkable, 
and Binnig and Rohrer’s scientific colleagues at IBM Zurich celebrated 
the news. Little did they suspect that they would be having a similar 
party the next year for J. Georg Bednorz (1950- ) and K. Alexander 
Müller (1927- ), who had just cooked up a recipe for another Nobel 
Prize-winning discovery. Their work in 1986 led to a worldwide flurry of 
research into new superconducting materials and a Nobel Prize in 1987. 
Unlike most researchers in superconductivity who were studying metal 
alloys, Bednorz and Miiller were researching the phenomenon in ceramic 
materials, which are hard but brittle compounds of metals and nonmetals, 
including oxides. 

‘To most scientists interested in superconductivity, that seemed to be 
an odd choice, because both theory and experiments indicated that the 
temperature at which ceramics became superconducting was even colder 
than that needed for metals. As noted in chapter 2, Heike Kamerlingh 
Onnes had discovered the phenomenon in 1911 in a thin wire of frozen 
mercury at a temperature so low—barely more than 4°C (39°F) above 
absolute zero—that all gases, even helium, turn to liquid. When discuss- 
ing superconductivity, physicists and other scientists describe tempera- 
tures in kelvins, or degrees Celsius above absolute zero, and this book 
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J. Georg Bednorz (left) and K. 
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will follow that choice. For example, the superconducting transition 
temperature of mercury is 4.3K. The Bardeen, Cooper, and Schrieffer 
(BCS) theory of 1957 (see chapter 6) revealed that the quantum mechan- 
ical mechanism underlying superconductivity was the exchange of pho- 
nons (quanta of vibrational or sound energy) between Cooper pairs of 
electrons. BCS theory led materials scientists and engineers (researchers 
who specialized in the fabrication and study of new materials) to alloys 
that became superconducting at steadily higher temperatures. By the 
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1970s, they had developed alloys with transition temperatures as high 
as 23K. At that still frigid temperature, progress stalled. The hoped- 
for goal of producing superconductivity at a temperature that could 
be achieved with liquid nitrogen (77K or higher) seemed to be out of 
reach. 

The reason for that goal is simple. Liquid helium is much more 
expensive to make than liquid nitrogen. To slow the evaporation of the 
precious helium, all practical liquid helium systems are surrounded by 
liquid nitrogen. That limited the technological applications of super- 
conductivity to those few that benefited from a very high magnetic field 
produced by electromagnets made from coils of superconducting wire. 
In particular, superconducting alloys were economically practical in mag- 
netic resonance imaging (see chapter 8) and in powerful magnets needed 
to control the beams in particle accelerators. Eliminating the need for 
liquid helium would make those magnets much less complex and less 
costly to build and operate. 

So why did Bednorz and Miiller look at ceramics rather than alloys? 
Part of it was simple curiosity, wondering whether the BCS theory 
applied to other materials as well as alloys. They soon found that it 
did not. One of the ceramics they were looking at had a superconduct- 
ing transition temperature significantly higher than that predicted by 
BCS theory. Since the transition temperature was still very low, the 
difference measured in kelvins was tiny; but it was significant on a 
percentage basis. They saw that result as a hint of a different route to 
superconductivity beyond Cooper pairs and phonons, and they began 
looking for other ceramics with significantly higher transition points. 
In early 1986, they discovered superconductivity in a class of ceramics 
called perovskites. One in particular, lanthium-barium-copper oxide, 
was superconducting up to 35K, a 50 percent increase above any previ- 
ously discovered superconductor. That set off a race to find ceramics 
that were superconducting at above the temperature of liquid nitrogen. 
Within months, materials scientists succeeded. Suddenly, the new goal 
was room temperature (roughly 300K), but progress stalled again at 
about 130K, not far above the maximum transition temperature that 
had been achieved when Bednorz and Miiller accepted the 1987 Nobel 
Prize in physics. 

Because ceramics are brittle, they are hard to form into wires, which 
has limited their practical applications to date. Room temperature super- 
conductivity still seems to be an unreachable goal for two reasons. First, 
physicists have yet to develop a new theory or a refinement of the BCS 
theory to explain what is happening in these ceramics. Second, there has 
been no progress toward superconductivity at higher temperatures since 
the late 1980s. Based on the history of superconductivity, the field may 
well yield more Nobel Prizes if someone makes a breakthrough in either 
of those two areas. 
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Scientist of the Decade: Stephen Hawking (1942- ) 


On January 8, 1942, Stephen Hawking was born in 
a hospital in Oxford, England. His parents, Frank 
and Isobel Hawking chose to have their child deliv- 
ered in Oxford rather than staying closer to their 
home in Highgate, a northern suburb of London, 
to escape the risk from German bombing. Despite 
the ongoing World War II, the German and British 
air forces had agreed not to bomb each other's 
great university centers of Oxford and Cambridge, 
Heidelberg and Gottingen. Both those places and 
the date of Hawking’s birth were significant. He 
would attend college at Oxford and earn his doc- 
torate at Cambridge, where he would later occupy 
a faculty position once held by Sir Isaac Newton, 
whose 300th birthday year had just begun. 

Perhaps an even more remarkable coincidence 
is that January 8 was the 300th anniversary of the 
death of the great Galileo Galilei. By turning his 
telescope to the skies, Galileo had transformed 
humanity’s view of other planets and of Earth’s 
place in the cosmos. In his career, Hawking 
would become one of the 20th-century physicists 
who transformed the scientific understanding of 
the cosmos itself. To his colleagues, Hawking’s 
insights and scientific publications are his most 
important contributions, but to the broader soci- 
ety, he is known and appreciated for his popular 
books and for his unquenchable optimism in the 
face of profound disability. 

Stephen came by his great intelligence and free 
spirit naturally. Both of his parents had graduated 
from Oxford but discovered each other at the 
medical institute where Frank was studying tropi- 
cal medicine and Isobel was working as a secre- 
tary. They were viewed as somewhat eccentric 
in St. Albans, 20 miles farther north of London, 
where they moved when Stephen was eight. 
Isobel was an intellectual with a strong social 
conscience and an attraction to left-wing politi- 
cal causes, while Frank was frugal to a fault. He 
spent little on his personal appearance or on the 
family car, which was a former London taxi that 
he bought for £50. 

During Stephen’s secondary education (equiv- 
alent to junior high school in the United States) at 
the prestigious St. Albans school, he was a satis- 
factory but not outstanding student. He did better 
on exams than his coursework, since he preferred 
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building models and inventing complex games 
to homework. Looking ahead, he aimed to be a 
research scientist like his father. Stephen preferred 
mathematics and physics, but Frank persuaded 
him to substitute chemistry, which he saw as more 
practical, for math. When Stephen began to study 
general relativity, the lack of formal mathematics 
courses caused him some difficulty, but it allowed 
him to think more pictorially rather than in equa- 
tions. That proved to be a great advantage for him 
when disease struck and writing mathematical 
expressions became increasingly difficult. 
Hawking entered Oxford in 1959 at age 17 ata 
time when a student's brilliance was valued above 
hard work. The only required examinations were 
the finals, and like many of his classmates, he 
coasted through his courses. After three years, he 


was ready to graduate. Oxford offered four levels 
of degrees, and he was on the borderline between 
first- and second-class degrees. He told a panel 
of examiners that he intended to do research at 
Cambridge if he earned a first-class degree, and 
the examiners agreed to give it to him. 

As Hawking began to settle into his research 
at Cambridge, tragedy struck in the form of a 
medical diagnosis. He learned he had amyo- 
trophic lateral sclerosis (ALS), a disease that 
attacks the muscles, eventually leading to paral- 
ysis and death. It is the same disease that killed 
the famous baseball star Lou Gehrig and has 
come to be named for Gehrig in the United 
States. The physician’s prognosis was that he had 
about two years to live. At first Hawking saw 
no reason to continue his Ph.D. project, since 
he would not have time to finish it. However, 
his inherent optimism eventually took hold. He 
realized that as long as he was alive and had an 
active mind, he had something to live for. He 
knew he would need help, but he was deter- 
mined to make the most of whatever time he had 
left. No one helped him more than Jane Wilde, 
whom he had met at a party in 1963 soon after 
his ALS symptoms had started. Not even his dire 
prognosis could stand in the way of love, and 
he and Jane soon became engaged. His ALS 
symptoms progressed but at a much slower pace 
than expected, and he completed his Ph.D. in 
the summer of 1965. The couple married in July 
of that year. 

Hawking was offered a research fellowship 
in theoretical physics at Cambridge, which he 
accepted. Despite his increasing disability, he and 
Jane managed a remarkably normal life, which 
included children. At work, it did not take him 
long to capture the attention of fellow physicists. 
He elected to study black holes, which had been 
predicted in the 1930s (see chapter 4) but had 
never been observed. He wanted to reconcile the 
mathematical description of a black hole, which 
predicted a “singularity” of infinite density at its 
center, with a physical world in which infinities 
are not possible. In collaboration with Roger 
Penrose (1931— ) of Oxford University, whose 
mathematical skills complemented his physi- 
cal insights, Hawking developed a theory that 
described the physics of black holes yet avoided 
the singularity. 


In the early 1970s, astronomers discovered an 
X-ray emitting object in the constellation Cygnus, 
which they named Cygnus X-1. By 1974, Hawking 
and most astrophysicists expressed 80 percent 
confidence that the object was a black hole with a 
star in orbit around it. The X-rays were the result of 
emissions from the star’s gases as they were drawn 
into the black hole and heated to exceedingly high 
temperatures. Impishly, Hawking decided to pro- 
vide himself some “insurance” if he were wrong. 
He made a bet with his good friend Kip Thorne 
(1940- ), an astrophysicist at Caltech, promis- 
ing Thorne a one-year subscription to Penthouse 
magazine if Cygnus X-1 turned out to contain a 
black hole. If not, he would have the consolation 
of a four-year subscription to the British magazine 
Private Eye. In 1990, the confidence level that 
Cygnus X-1 was a black hole had risen to 95 per- 
cent, and Hawking paid off the bet. 

In 1982, faced with large expenses for his 
medical care and for his children’s school tuition, 
Hawking was looking for additional income. He 
had always enjoyed sharing his research with 
a wider audience than just his academic col- 
leagues and students, and he was confident he 
could write a short book for general audiences 
about his unique perspectives on the universe. 
The book, A Brief History of Time: From the Big 
Bang to Black Holes, did not come as easily as he 
thought—it was not published until 1988, but its 
success exceeded even his own most optimistic 
expectations. 

Despite his medical condition, Hawking has 
always considered his life “normal,” even after an 
emergency tracheotomy cost him the remaining 
use of his voice in 1985. Normal people some- 
times divorce, as Jane and Stephen Hawking did 
in 1990. He and one of his nurses, Elaine Mason, 
left their spouses to live together and eventually 
marry. Elaine’s husband, David, had designed the 
computer hardware for Hawking’s wheelchair. 

Today Stephen Hawking continues his research 
and writing. In 2002, Cambridge University cel- 
ebrated his 60th birthday with a symposium 
entitled The Future of Theoretical Physics and 
Cosmology, published the lectures as a book, 
and broadcast them on BBC television. Hawking 
offered no bets as to how many more birthdays he 
would celebrate, but he clearly intends to outlive 
any predictions anyone cares to make. 
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1991-2000: 
1 QO Cosmic Connections 


The decade of the 1990s did little to resolve the dangling questions of 
string theory and other attempts at unifying the fundamental physical 
forces. There was some progress but no surprises in particle physics. 
The detection of the top quark and the tau-neutrino at the Fermi 
National Accelerator Lab (Fermilab) in Batavia, Illinois, completed 
the standard model of particle physics, culminating work begun by 
Gell-Mann more than 30 years earlier. It was also a time of important 
discoveries in other sciences made possible by continued technological 
progress. People who read Hawking’s popular books had new cosmo- 
logical questions to savor, raised by an orbiting observatory called the 
Cosmic Background Explorer (COBE) and early results from the ambi- 
tious Sloan Digital Sky Survey (SDSS) project. Those who shared 
Sagan’s enthusiasm for extraterrestrial life bubbled over with interest 
in a Martian rock, while those who shared his environmental con- 
cerns (often the same people) were troubled by increasing evidence of 
global warming caused by human activity. An understanding of phys- 
ics became increasingly important in the global politics of energy and 
environmental policy. 

In the United States especially, science education became a hot politi- 
cal issue. This chapter’s featured scientist, former Fermilab director Leon 
Lederman, had always valued learning. In retirement, he redirected his 
energy and seized upon opportunities to make a difference in the way 
young people learned science. He used the prestige of his Nobel Prize 
and his leadership in the physics community to great advantage in his 
new work that led to both a model science education program in the 
Chicago public schools and a national educational resource about sub- 
atomic physics at Fermilab and online. 


Subatomic Physics: Completing 

the Standard Model 

After the discovery of the J/psi meson and the charm quark in 1974, 

physicists had a short-lived sense that they had completed the subatomic 
191 


192 Twentieth-Century Science 





Joint European Torus 
project produces the first 
sustained burst of power 
from a controlled fusion 
reactor 











1991 


picture (see chapter 8). At that point, they knew of two “generations” of 
fundamental particles. The first generation was composed of the particles 
of ordinary matter: up and down quarks that combined to produce pro- 
tons, neutrons, and the pions of Yukawa’s theory of the strong force; plus 
two leptons, the electron and its neutrino. The second generation of two 
more quarks (strange and charm) and two more leptons (the muon and its 
neutrino) accounted for the property Gell-Mann called strangeness and 
the property of charm that was necessary to unify the electroweak force. 
The sense of completeness was shattered in 1975 with the discovery of 
a new lepton, the tau particle. That suggested that a third generation of 
fundamental particles existed, including another pair of quarks (top/truth 
and bottom/beauty) and a tau-neutrino. Would that generation complete 
what was coming to be known as the standard model of subatomic par- 
ticles? Accelerators were achieving higher and higher energies, so this 
question naturally arose: Would there be a fourth generation of funda- 
mental particles, then a fifth, and so on? 

As the 1990s began, the top quark and the tau-neutrino still had not 
been detected, and it had been 15 years since Lederman and his team 
had spotted evidence of the bottom quark in the form of the upsilon (see 
chapter 7). Physicists began to suspect that the third generation might be 
the last, but they were mindful of an important adage in science: “The 
absence of evidence is not evidence of absence.” By the end of the decade 
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and the century, they still lacked evidence that three generations were 
enough, but they had ideas of where to look: deep underground in the 
large neutrino detectors (see chapter 11). 

The various major accelerator laboratories around the world contin- 
ued to develop new detection techniques and devices and to examine 
increasingly more energetic collisions. As more energy was available, 
it opened the possibility of producing more massive particles. The top 
quark was expected to be about 40 times as massive as the bottom, but 
by 1995, the technology to detect it was available. That year, two teams 
at Fermilab teams found conclusive evidence of top quarks in their high- 
energy collision experiments. To complete the third generation of funda- 
mental subatomic particles, only the elusive tau-neutrino remained to be 
found. Again, it was Fermilab researchers who made the critical discovery 
in 2000, the last year of the 20th century. 

No signs of another generation of fundamental subatomic particles 
were on the horizon, but there was still international interest in build- 
ing particle accelerators with the power needed in the search for the 
Higgs boson (see chapter 7). In the United States, the Superconducting 
Supercollider (SSC) project began to take shape in the 1980s and won 
government approval in 1987. It required huge superconducting magnets 
that would enable beams of particles to travel through a circular tun- 
nel 54 miles (87 km) in circumference. By mid-1990, a full engineering 
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design was in place, and construction began soon afterward. In 1993, 
after spending $2 billion on the project and with 14 miles (22.5 km) of 
tunneling completed, the U.S. Congress canceled the project. Scientists 
turned to CERN for the next advance in energy, where the Large Hadron 
Collider is expected to be operational in 2007. 

Meanwhile, theorists were puzzling over the missing neutrino prob- 
lem and the question of whether the neutrino has mass. Neutrino mass 
can go a long way to explaining the problem of missing solar neutrinos. 
In the last years of the 1990s, a number of physicists had begun view- 
ing the electron-neutrino, muon-neutrino, and the tau-neutrino not as 
three different particles but as three modes of the same particle. For 
that hypothesis to fit with physical theory, the neutrino (or neutrinos) 
must have mass and that mass must change as the neutrino changes its 
mode. If the neutrinos are indeed just modes rather than separate par- 
ticles, they would oscillate between modes as they travel through space. 
Such oscillation would mean that solar neutrinos, emitted as electron- 
neutrinos, would arrive at Earth as an equal mix of all three modes. If 
the neutrino detectors respond only to electron-neutrinos, two-thirds 
of those solar neutrinos would escape detection. That indeed proved 
to be the case, but the definitive result did not come until the new 
century (see chapter 11). That result also rules out a fourth generation 
of subatomic particles, which would require a fourth neutrino mode, 
contradicting the now strong evidence for three modes. The standard 
model of subatomic particles appears to be complete with three genera- 
tions of four particles: a lepton and its corresponding neutrino mode 
plus a pair of quarks. 


Chapter 10 


Surprises in Cosmology 


The discoveries in particle physics during the 1990s were predictable, but 
the most closely related field, cosmology, turned out to be full of surpris- 
es. How can the physics of the universe as a whole be considered a close 
relative of subatomic physics? The answer lies in trying to understand 
the big bang itself. During the first instants of time as science knows it, 
all the matter in the universe was concentrated into a very small volume. 
The period of cosmic inflation ended when the universe was about a 
hundredth of a millionth of a millionth of a millionth of a millionth of a 
millionth of a second old. Then, for the rest of the first few microseconds 
(millionths of a second), its matter was so hot and compressed that even 
mesons and baryons could not stay together. Instead, all the matter in 
the universe was in a form known as “quark-gluon plasma.” By the mid- 
1990s, the world’s most powerful particle accelerators were capable of 
producing a similar state of matter. Physicists do not all agree that actual 
quark-gluon plasmas have been produced in those accelerators, but they 
certainly expect the Large Hadron Collider to create one. When that 
happens, they hope to be able to design experiments to study the condi- 
tions that existed before mesons and baryons—the fundamental particles 
of matter as we know it—came into being. 

In other words, the goal is to test theories of the entire cosmos in the 
laboratories of one small planet. Interest in that work grew substantially 
in the 1990s as astronomers developed tools to refine their picture of the 
big bang by studying the very earliest light and the first stars. How long 
ago did that first light leave its sources? To answer that requires a deeper 
discussion of the events that followed the period of the cosmic quark- 
gluon plasma, when quarks in the cooling universe formed pairs (mesons) 
and triplets (baryons). As that matter became cooler and more spread out, 
electromagnetism and gravity began to play a more important role. After 
about 380,000 years (about 1/36,000 of the 13.7-billion-year age of the 
universe), cosmic matter had cooled to the point that atoms could form. 
At that point, the universe became transparent, so that is the age of the 
oldest glow in the cosmic background. Gravity then drew atoms together 
to form gas clouds and stars. That took about 200 million years—less 
than 2 percent of the age of the universe. 

The cosmic background radiation contains information about those 
early events, so they can be studied directly. For the period before that, 
from the time the universe was a quark-gluon plasma until the time 
it became transparent, 1990s physicists were developing theories to 
describe its evolution. Particle physicists hoped to study the quark-gluon 
plasma in their accelerators, and astronomers were hoping to detect the 
earliest light and first stars with their latest technological advances. A 
theory that successfully explains both sets of observations could unify all 
the fundamental forces, all matter and energy, and cover the history of 
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the entire universe from the fundamental to the cosmic. That would be 
quite an accomplishment, a theory of everything, indeed! 

A theory is no stronger than the data on which it is based. Cosmologists 
realized that they needed a much more detailed picture of the distant 
universe, including the cosmic background. On November 18, 1989, 
NASA launched the Cosmic Background Explorer (COBE) satellite into a 
nearly polar orbit of Earth that permitted its three major instruments to 
survey the entire sky over the course of a year. It continued in operation 
through the end of 1993. It not only produced clear evidence supporting 
the big bang theory, but it also revealed that the universe had a structure 
that resembled joined soap bubbles. Astronomers were already aware that 
galaxies formed clusters, but COBE revealed signs of superclusters—clus- 
ters of clusters—that stretched like great thin sheets of matter surrounding 
vast empty voids. The most likely explanation for that structure is that it 
resulted from irregularities in the distribution of the earliest matter formed 
in the big bang, exaggerated by gravitational attraction. These discoveries 
resulted in the award of the Nobel Prize in physics in 2006 to COBE team 
leaders John C. Mather (1946- ) and George F. Smoot (1945- ). 

COBE’s results were tantalizing, and cosmologists wanted more. In 
1995, they began planning an ambitious project, the Wilkinson Microwave 
Anisotropy Probe (WMAP), to map the cosmic background in sharper 
detail. NASA approved the mission for development in 1997, and it was 
launched on June 30, 2001. The remarkable early results of this ongoing 
project, which include reconsidering the need for Einstein’s cosmological 
constant (see chapters 2-3), are described in chapter 11. 

Neither COBE nor WMAP was intended to detect or measure indi- 
vidual galaxies. In effect, they are studies of a giant network of forests, but 
unless someone examines the individual trees, the conclusions remain in 
doubt. That was the impetus for the Sloan Digital Sky Survey (SDSS) that 
began in 1998 as a five-year project to take a galactic census over one-quar- 
ter of the sky. It included a large number of the world’s greatest land-based 
observatories and the Hubble Space Telescope, all probing to the limits of 
observation. Like WMAP, the SDSS has produced significant results (see 
chapter 11), and both are continuing to illuminate cosmological study. 


Other Physics-Related Developments 
in the 1990s 


Research and progress continued in a number of physics-related technol- 
ogies in the 1990s, but none had significant breakthroughs. The growth 
in electronics continued its remarkable trajectory, but the advancements 
were largely in techniques in processing of materials that led to increas- 
ing miniaturization and speed, not in new physics. Those advances fueled 
spectacular increases in the use and number of cellular telephones and 
the rise of the Internet and the World Wide Web. People who had never 
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heard of e-mail and “surfing the ’net” in 1991 were regular users only a 
few years later. Likewise, research continued in superconductivity, but no 
one made breakthroughs either in finding new classes of superconduct- 
ing materials or in developing a BCS-like theory that applied to the new 
high-temperature superconductors of the 1980s. 

The decade began with hope for nuclear fusion as an eventual source 
of electric power. In 1991, the Joint European Torus JET) project pro- 
duced the first sustained burst of power from a controlled fusion reac- 
tor. The project continues, but its future commercial feasibility remains 
dubious at best. That is unfortunate, because by the late 1990s, a number 
of major scientific organizations had declared that burning of fossil fuels 
was a serious global problem. Many scientists warned that increasing 
temperatures, especially in the Arctic, were signs of major problems 
to come for political stability and economic development in the 21st- 
century world. It was important to find sources of energy that did not 
produce carbon dioxide. 

Elsewhere in the physical sciences, several major events in planetary 
astronomy captured the public’s attention. In 1994, the odd “string-of- 
pearls” comet Shoemaker-Levy 9, which had been discovered the previ- 
ous year, plunged into the cloud tops of Jupiter, providing a dramatic 
reminder that space rocks regularly collide with planets. By then, the 
Alvarez team’s interpretation of the iridium anomaly as the result of a 
65-million-year-old asteroid impact was widely accepted. Most scientists 
regarded the Chicxulub crater as the “smoking gun.” The combination 
of the two spectacular events raised public awareness of the very real but 
remote danger of cosmic impacts. Fiction writers produced books and 
movie scripts (including Deep Impact and Armageddon) based on impacts 
from space, but more important, a number of governments increased 
funding for projects that identified so-called near-earth objects that could 
eventually collide with the planet. 

Another headline-grabbing planetary discovery came in 1996, when a 
group of NASA scientists made a dramatic announcement about a mete- 
orite they had been studying. Called Meteorite ALH84001, the rock had 
previously been identified as a piece of Mars that had been launched into 
space by a meteoric impact and eventually reached Earth. It was an ancient 
and complex rock with an interesting geological history, including small 
sedimentary globules deposited by flowing water in early Martian history. 
Electron micrographs and micro-chemical analysis revealed minerals 
and structures that would be interpreted as signs of bacterial life in an 
Earth rock. Could life have originated on Mars around the same time as 
it did on Earth? The evidence was tantalizing but not conclusive. Critics 
suggested alternative explanations, and arguments about the original 
conclusions have continued ever since. Though neither side is willing to 
concede the argument, both agree that more evidence is needed to draw 
firm conclusions. Such evidence will probably come within a few decades 
as a result of robot (and possibly human) missions to Mars. 
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Scientist of the Decade: Leon Lederman (1922- ) 


To Leon Lederman, success begins with a sense of 
humor. As he told an interviewer for the Academy 
of Achievement in 1992, humor is “a shock effect 
that’s bizarre, a twist to a story that you tell, and 
that’s the way it is in research.” As most of the 
profiles in this book illustrate, successful scientists 
usually do not solve difficult problems with supe- 
rior skills alone. Many bright people have those 
skills yet fail to find a solution. It is that unusual 
twist of mind, the ability to see a problem from a 
different angle that, more often than not, opens 
a door that no one ever noticed before. In a life 
that has been successful on many levels—scien- 
tifically, administratively, and in public service— 
Lederman has always had the knack of getting to 
the heart of a problem and persuading others that 
they can solve it too. 

Leon Lederman was born in New York City on 
July 15, 1922, the second son of Russian-Jewish 
immigrants. Though neither of his parents went to 
college, they valued education and encouraged 
Leon to go to the City College of New York, where 
he majored in chemistry and graduated in 1943. 
After that, he served three years in the U.S. Army, 





Leon Lederman on the morning of the 1988 Nobel Prize 


ceremony, where he was honored with the award for 
physics. (Interactions.org and Fermilab Visual Media 
Services) 


where he worked on radars. When he got out of 
the military, he went to Columbia University and 
studied physics. Adjusting to graduate school was 
difficult after wartime military service, and his 
first-year grades were poor. He soon found his 
footing, earned his master’s degree in 1948, and 
continued on for his doctorate in 1951. 

He had a number of job offers, including one to 
stay on at Columbia, where they were just begin- 
ning to develop a program in particle physics. He 
had started some projects in that area and decided 
to stay there for a few years to keep his momen- 
tum going. Those few years turned into most of a 
career. Thanks in large part to Lederman’s work, 
Columbia became one of the world’s leading 
high-energy physics research centers. During the 
late 1950s and early 1960s, he was part of the 
team that discovered CP symmetry violation in 
the decay of the kaon (described briefly in the 
previous chapter with regard to the B meson). In 
1962, Lederman and his colleagues at Columbia 
developed an approach to creating and detecting 
muon-neutrinos, for which they won the Nobel 
Prize in physics 26 years later. 

Lederman was one of the leaders of the effort 
to establish Fermilab, and he began working 
there while still head of Columbia’s famed Nevis 
Laboratories for high-energy physics. In 1977, 
he led the team that found the upsilon particle, 
demonstrating the existence of the bottom quark. 
He left Columbia in 1979 to become director 
of Fermilab, a position he held for 10 years. As 
director, Lederman was a natural leader. He used 
his trademark humor to declare that he did not 
take himself too seriously, but the projects were 
important business and demanded everyone’s best 
and most creative work. 

Lederman approached research as a scientist's 
most important educational experience, an educa- 
tion that never ended as long as the researcher 
remained active. As a professor, he taught and 
learned from more than 50 graduate students. At 
Columbia, if he took a semester off from the class- 
room to tend to his experimental work, he would 
make up for it with an increased teaching load 
when he got back. He believed that every young 


person deserved an education and began to notice 
that many elementary and high schools were not 
fulfilling that obligation when it came to science. 
He wanted to do something about it, and winning 
the 1988 Nobel Prize made that possible. 

“| didn’t expect the awe with which people 
treat this thing,” he told the interviewer from the 
Academy of Achievement. “It really has an aura 
about it. First of all, you become an expert on 
everything. You get interviewed. ‘What do you 
think about the Brazilian debt, or Social Security, or 
women’s dresses?’” He realized that he now had an 
opportunity. “If you ever want to do anything in the 
way of education, or science policy, or . . . change 
laws or move people to be active, then boy, having 
a Nobel Prize helps a lot! You get into places that 
normally would be very difficult to get into.” 

It was not the Nobel Prize alone that opened 
those doors for Leon Lederman. Soon after he left 
Columbia to run Fermilab, he began to miss teach- 
ing, and he quickly found a way to get involved in 
education again. He started a program for gifted 
high school students called Saturday Morning 
Physics. As usual, Lederman not only taught, but 
he learned. He discovered that many teachers 
were not prepared to handle such talented young 
people. He began to look into the educational 
system whenever his job permitted him the time. 
In 1988, he moved to Chicago, where the public 
school system had 400,000 students, and decided 
to try to make a difference. 

Lederman’s talent for seeing things differently 
led him to this question: With so many students 
in the school system, why are so few of them 
going into science? Most youngsters enter school 
full of questions, and questions are the essence of 
science. What happens to them along the way? 
Lederman realized that all too often, it was not 
what happened but rather what did not happen. 
Too few teachers were prepared in math and sci- 
ence, and so they did not know how to encour- 
age the students. Often they found the questions 
intimidating, and they actively discouraged the 
students’ curiosity. They were not bad teachers, 
just unprepared. Lederman led an effort to show 
teachers the joy of science through a model pro- 
gram called The Teachers Academy. If it worked in 
Chicago, it could work in other cities as well. 
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Leon Lederman shows his playful side while posing with a 


Fermilab exhibit of a cryostat, a device necessary to maintain 
very low temperatures necessary for the superconducting 
electromagnets used to create the fields that control paths of 
subatomic particles in accelerators. (Fermilab Visual Media 
Services) 


If Lederman’s leadership works as well with 
The Teachers Academy as it did at Fermilab, his 
impact will continue long after he is no longer 
personally involved. In 1995, six years after he 
retired as lab director, Fermilab scientists detected 
the long-sought top quark, and in 2000, other 
Fermilab researchers completed the standard 
model of particle physics with their detection 
of the tau-neutrino. Such strong research is only 
one element of the influence and legacy of Leon 
Lederman. In Fermilab’s Lederman Science Center 
and its Teacher Resource Center, volunteers and 
professional staff are carrying out his educa- 
tional vision; and in the public schools of many 
American cities, teachers and students are seeing 
science in new ways. His parents, who taught him 
about the value of education, would be proud. 
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Public attention went to planets far beyond Mars and Jupiter in the 
mid-1990s. Several teams of astronomers developed techniques to iden- 
tify extrasolar planets, that is, planetary companions of stars other than 
the Sun. By the end of the 20th century, tens of stars were known to have 
planets, and it was clear that planetary systems were common. Telescope 
technology had not yet reached the point of being able to detect plan- 
etary systems that might include Earthlike bodies, but a number of new 
Earth-based and space-based planet-finding instruments were under 
development as the new century and millennium began in 2001. 
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Conclusion: 
Cosmic and Terrestrial Challenges 
for the Twenty-first Century 


Though the number 100 has no particular significance in nature, 
10-fingered humans treat new centuries and centennials as auspicious 
events, as times to consider both history and the future. That is always 
a good thing, because understanding the past provides valuable insights 
for the future. New centuries and centennial observances often lead to 
books like this one and the others in the Twentieth Century Science 
reference set. The year 2005 was of particular note for physicists. Major 
scientific societies declared 2005 as the “World Year of Physics” in rec- 
ognition that 100 years earlier an obscure patent clerk named Albert 
Einstein published three major papers that shook the foundations of 
physics. Their understanding of space, time, matter, and energy changed 
fundamentally and led to a revolution in science and technology that 
continues today. 
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At the beginning of the 20th century, physical theory based on 
Newton’s laws of motion and gravitation, Maxwell’s equations of electro- 
magnetism, and the atomic nature of matter seemed to provide a nearly 
complete understanding of nature. Those theories explained almost 
everything, except for a few new phenomena like X-rays, radioactivity, 
Planck’s mathematical device called the quantum, the subatomic “cor- 
puscles” that made up cathode rays, and experiments that failed to detect 
the luminiferous ether. Still, no one expected any of those to require 
fundamental changes in physics itself. Most physicists felt that they and 
their science had a firm theoretical foundation and were closing in on 
theories for everything. 

‘Today the new foundations of physics are relativity, quantum 
theory, and the standard model of subatomic particles. These have 
been remarkably successful in describing and predicting most natural 
phenomena, even as measurements and instruments become capable 
of producing previously unimagined detail. Now many physicists think 
that a single “theory of everything” may be within their reach. That 
theory would combine the grainy quantum world with the smooth 
spacetime of relativity, and it would unite the subatomic universe with 
the cosmos by joining all three fundamental forces—gravity, the elec- 
troweak interaction (electromagnetism plus the weak nuclear force), 
and the strong nuclear force—into one. Yet there is a great difference 
between today’s physicists who are seeking a theory of everything and 
their counterparts in the early 20th century who thought physics had 
already achieved theories for everything. That difference is the history 
recounted in this book. Looking back on the astonishing developments 
in 20th-century physics, few physicists would be surprised if another 
reformulation of the foundations of their science lies ahead in the 21st. 
The early years of this new century have already demonstrated how 
much physicists have learned about the universe and how much they 
still do not understand. 


The Nature of Matter Revisited 


In the years since 2000, many of the most significant new results in 
physics have come from astronomical observations. New orbiting tele- 
scopes have enabled astronomers to view the universe in regions of the 
electronic spectrum that were previously inaccessible due to absorption 
in the atmosphere. Even in spectral regions where astronomy has been 
traditionally done, astronomers now are gathering a wealth of new data 
and images from larger land-based telescopes, with capabilities enhanced 
by modern high-speed communication and innovative observational 
techniques. Projects such as the Wilkinson Microwave Anisotropy Probe 
(WMAP) and the Sloan Digital Sky Survey (SDSS), described in the 
previous chapter, have led physicists to new questions about the nature 
of matter. In contrast, neutrino astronomy solidified their confidence that 
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the third generation of quarks and leptons had completed the standard 
model of particle physics. 

As noted in the last chapter, theoretical physicists had begun to regard 
electron-, muon-, and tau-neutrinos not as distinct particles but as differ- 
ent modes of the same particle. According to their theories, the neutrinos 
emitted by the Sun would start out as electron-neutrinos but would oscil- 
late among modes on their way to Earth. By the time they reached the 
neutrino detector in the Homestake gold mine, only one-third of them 
would be electron-neutrinos, with the remainder being muon-neutrinos 
and tau-neutrinos in equal numbers. That detector was only sensitive to 
electron-neutrinos and thus would be expected to record only a third as 
many neutrinos as it would without mode oscillation. That result was 
confirmed more strongly as physicists refined the theory of solar fusion 
reactions. Meanwhile, the Super Kamiokande neutrino detector in Japan 
was somewhat sensitive to muon-neutrinos. That accounted for its larger 
number of detections. Physicists needed more data to confirm neutrino 
oscillation and that came in 2001 from the Sudbury Neutrino Observatory 
in Canada, where scientists had designed and built a neutrino detector 
that was sensitive to all three neutrino modes. The standard model was 
indeed complete with three generations of quarks and leptons. 

The standard model seems complete, but is it possible that there are 
entire undiscovered classes of matter in the universe, each with its own 
set of fundamental particles? As far-fetched as that question seems, many 
physicists are treating it seriously. Their reasons come both from theory 
and observation. The theory is string theory. Because it envisions extra 
dimensions, it also allows for additional symmetries, which leads to theo- 
retical possibilities called mirror matter and super matter. The observa- 
tions come largely from WMAP and SDSS and what they say about the 
amount of mass in the universe, but the earliest discussions date back to 
a landmark paper by astronomers Vera Rubin (1928- ) and William K. 
Ford in 1970. Observing the rotation rate of a nearby galaxy, they were 
able to estimate the gravitational attraction needed to hold onto its outer 
stars. From that acceleration, they were able to determine the galaxy’s 
mass. Then, by taking a census of the stars in that galaxy, they were 
able to estimate how much of that mass was luminous. To their surprise, 
the mass of the stars was only a little more than 10 percent of the total. 
Nearly 90 percent was dark matter of unknown composition. As the 
decades have passed since the Rubin/Ford result, dark matter seems to be 
part of every galaxy for which rotation can be measured. 

Though it is reasonable to assume that much of that dark matter is 
made up of fundamental particles of the standard model, no one has 
yet found a way to test that assumption. It could be something more 
exotic. That possibility seems even more credible in light of recent 
conclusions from WMAP and SDSS data. As soon as scientists realized 
that the universe is expanding, they began to wonder about its ultimate 
fate. As the galaxies spread apart, their mutual gravitational attraction 
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should slow down the recession rate. There 
were three possible scenarios that depended 
on the total mass of the universe. The sce- 
narios can be understood by comparing them 
to the possible fate of a projectile launched 
upward from the surface of the Earth. If 
the projectile is traveling at less than escape 
velocity (about 25,000 [40,000 km] miles per 
hour when launched from the surface), it will 
eventually stop its outward motion and fall 
back to the ground. If it is traveling faster 
than escape velocity, it will slow down toward 
a certain minimum velocity but continue to 
move away forever. If it is traveling exactly 
at escape velocity, it does not fall back but 
its recession rate slows toward zero. Escape 
velocity depends on Earth’s mass and size. 
If the planet were the same size but heavier, 
the projectile would need to be launched at a 





The Sudbury Neutrino Observatory, which confirmed the 


: phenomenon of neutrino mode oscillation in 2001. For scale, notice 
higher speed to escape. the people on the catwalk. (Ernest Orlando Lawrence Berkeley 
The same is true of the universe. Is its National Laboratory) 


mass large enough to reverse the expansion 
that began with the big bang and lead to a 
big crunch (a “closed” universe)? Is the mass so small that the expansion 
will continue without limit (an open universe)? Or is its mass just right, 
a so-called Goldilocks or flat universe, so that it will reach a near steady 
state? When the 20th century ended, the best measurements suggested 
that the universe was improbably close to flat, and WMAP data seemed 
to confirm that conclusion. Could there be an unknown physical law that 
led inevitably to a flat universe rather than an open or closed one? 
However, some SDSS measurements of distant supernovas suggest a 
dramatically different conclusion. Instead of slowing down, the expan- 
sion rate of the universe seems to be speeding up! If that is so, something 
besides gravity is acting. Perhaps there is another form of unknown, 
unseen matter that produces a repulsion or anti-gravitational effect, 
which scientists are calling dark energy. Perhaps the strange expan- 
sion is simply due to the cosmological constant of Einstein’s general 
relativity theory. He called that constant his greatest blunder once the 
expansion of the universe was discovered, but perhaps the blunder was 
actually being too quick to dismiss adding the constant to his equations. 
Perhaps there are unknown physical effects that are leading to a misin- 
terpretation of the data. The theory clearly has some loose ends. What 
will people discover as they tug on those strands with new mathematical 
approaches and new measurements? Clearly history does not stop at the 
end of a century! 
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What Is “Everything”? 


Those puzzling results also influence progress toward a “theory of every- 
thing.” As string theory has evolved, it has come to describe a multiplicity 
of possible universes, each of which has a different set of fundamental 
constants (like Planck’s constant, the constant relating masses to the grav- 
itational force between them, the speed of light, the basic unit of electric 
charge, and the masses of the fundamental particles). Is the known uni- 
verse the only one in existence, or is the spacetime in which humans live 
merely a four-dimensional slice of a much larger realm? If this is the only 
universe, why does it have the particular constants that it does? 

Some physicists view the many possibilities embodied in string theory 
as encouraging. Others consider it as dubious precisely because it can be 
adjusted to fit any observations and has not yet led to testable predic- 
tions. Perhaps the loose ends in string theory are related to the recent 
peculiar discoveries in cosmology. What does that mean for the future 
of string theory and, indeed, all of physics? The only reasonable conclu- 
sion is that the future of the science is as unpredictable now as it was 
100 years ago. 

David Gross (1941- ) of the Kavli Institute for Theoretical Physics 
at the University of California, Santa Barbara, would agree. Gross shared 
the 2004 Nobel Prize in physics for the development of quantum chro- 
modynamics (the strong-force version of quantum electrodynamics) 
during the 1970s and has been a strong proponent of string theory. His 
work made him a natural selection to give the closing address at the 23rd 
Solvay Conference in Physics, held in Brussels, Belgium, in December 
2005, a prestigious event with a history going back to the 1911, the year 
that Rutherford announced his discovery of the atomic nucleus. “Many of 
us believed that string theory was a very dramatic break with our previous 
notions of quantum theory. But now we learn that string theory, well, is 
not that much of a break.” 

He compared the present state of the theory with the puzzling dis- 
coveries of radioactivity, which was discovered by Becquerel in 1896, 
described in detail by Rutherford and Soddy in the first decade of the 
20th century, but was not explained until quantum mechanics was well 
developed. Physicists “were missing something absolutely fundamental” 
at the time of the first Solvay Conference, he noted. “We are missing 
perhaps something as profound as they were back then.” 

Some might view Gross’s words about the future of physics as dis- 
couraging, but they should not be interpreted that way. The missing 
theoretical ingredient is a challenge, not a failure. Physicists are, as 
always, engaging in difficult quests. New Einsteins, Rutherfords, Paulis, 
Meitners, Feynmans, Bardeens, Gell-Manns, Alvarezes, Hawkings, 
and Ledermans are already at work, looking for new ways to view old 
problems. Will 21st-century physics yield the Higgs particle, a theory 
of high-temperature superconductivity, or a theory of everything? Will 
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physics-based technologies lead to fusion power, quantum computers, 
and remarkable materials? 
The answer to many of those questions is almost certain to be yes. 
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American Institute of Physics, Center for History of Physics. Available 
online. URL: http://www.aip.org/history. Accessed March 27, 2006. 
Follow pull-down menu for special online exhibits or browse for a vari- 
ety of written resources and images. 

Nobelprize.org. Available online. URL: http://nobelprize.org. Accessed March 
27, 2006. The official Web site of the Nobel Foundation contains brief 
biographies of Nobel Prize winners, summaries of their prize-winning 
work, and their acceptance speeches. 

Robbins, Stuart. Journey through the Galaxy. Available online. URL: http:// 
home.cwru.edu/~sjr16. Click “History” for “A Brief History of the Universe,” 
or go to http://home.cwru.edu/~sjr16/advanced/cosmos_history.html. 
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Accessed April 21, 2006. A Web site with a number of useful pages on 
cosmology. 

Schwarz, Patricia. The Official String Theory Web Site. Available online. 
URL: http://www.superstringtheory.com. Accessed April 21, 2006. A 
comprehensive Web site about string theory, the physicists who have 
worked on it, and its history. 

The Science Museum. Available online. URL: http://www.sciencemu- 
seum.org.uk. Accessed March 27, 2006. A British online science 
education resource that includes useful exhibits on Atomic Firsts; 

Life, the Universe, and the Electron; Marie Curie and the History of 
Radioactivity; and many other topics discussed in this book. 

The Science Shelf, Books for the World Year of Physics 2005. Available 
online. URL: http://www.scienceshelf.com/World YearofPhysics.htm. 
Accessed April 26, 2006. This page on the book review site of Fred 
Bortz has brief comments about a number of books published in recog- 
nition of the World Year of Physics, plus links to reviews of a number of 
other physics books for nonspecialist readers. 

Sloan Digital Sky Survey. SDSS Sky Survey/SkyServer. Available online. 
URL: http://cas.sdss.org/dr4/en. Accessed April 21, 2006. The official 
Web site of the SDSS program. 

Wilkinson Microwave Anisotropy Probe (WMAP). Available online. URL: 
http://wmap.gsfc.nasa.gov. Accessed April 21, 2006. Official WMAP 
Web site. 

World Year of Physics 2005. Available online. URL: http://www.phys- 
ics2005.org. Accessed March 27, 2006. An online resource developed in 
honor of the centennial of Albert Einstein’s “Miracle Year.” 


In 1869, Dmitry Mendeleyev devised a rows-and-columns of the chemi- 
cal elements that grouped them according to their properties. He called 
it the periodic table of the elements. Beginning at the upper left with 
the lightest atom, hydrogen, he placed chemical symbols down the first 
column of a grid in the order of increasing atomic mass. Then he moved 
rightward from one column to the next, placing atoms with similar 
chemical and physical properties next to each other in rows. 

The modern periodic table, which appears on the following pages, 
reverses the roles of rows and columns but otherwise follows Mendeleyev’s 
approach. The arrangement has now served scientists for nearly a century 
and a half, providing spaces to add new elements as they have been dis- 
covered or synthesized. 

The periodic table was a great achievement, but important ques- 
tions remained. What distinguishes atoms of one element from those 
of another, and how do those differences result in the regularity of the 
periodic table? The answers came from breakthroughs in physics in the 
last years of the 19th and first quarter of the 20th century—specifically, 
the discoveries of the electron and the atomic nucleus and the develop- 
ment of quantum mechanics. 

The final pieces of the puzzle were Wolfgang Pauli’s 1924 proposal of 
electron spin and his exclusion principle of 1925. Together these provide 
the basis for the periodic behavior of the elements. 
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Physics does not stand alone as a science. It has strong connections 
to chemistry through atomic theory, to biology through important 
measurement techniques such as spectroscopy and crystallography, to 
astronomy through cosmology and nuclear fusion, and to other physical 
sciences such as geology and meteorology. Likewise, significant tech- 
nological or engineering accomplishments have their roots in physics. 
Thus the Nobel Prize in physics has often been awarded to scientists who 
work primarily in other fields, and some great physicists have won Nobel 
Prizes in other sciences as well as the prestigious Nobel Peace Prize. 

The following list of Nobel Prize winners in physics between 1901 
and 2000 provides a useful catalog of many of the greatest 20th-century 
physicists and their accomplishments. Many of the great scientific accom- 
plishments of the later years of the century have yet to earn Nobel Prizes 
and may never earn such recognition. Others, such as Raymond Davis’s 
work in neutrino astronomy, have earned Nobel Prizes since 2000. 

The Nobel Foundation Web site (http://nobelprize.org) provides full 
information including biographies and Nobel Prize lectures for all laure- 
ates. The brief descriptions of the specific awards are quoted from pages 
on this site. The nationalities listed are the laureates’ citizenship at the 
time of the award. 


1901 
Wilhelm Conrad Röntgen (1845-1923), Germany 


“In recognition of the extraordinary services he has rendered by the 
discovery of the remarkable rays subsequently named after him” 


1902 


Hendrik Antoon Lorentz (1853-1928), the Netherlands, and Pieter 
Zeeman (1865-1943), the Netherlands 
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“In recognition of the extraordinary service they rendered by their 
researches into the influence of magnetism upon radiation phenomena” 


1903 
Antoine-Henri Becquerel (1852-1908), France 


“In recognition of the extraordinary services he has rendered by his dis- 
covery of spontaneous radioactivity” 


and Pierre Curie (1859-1906), France, and Marie Curie, née Sklodowska 
(1867-1934), France 


“In recognition of the extraordinary services they have rendered by their 
joint researches on the radiation phenomena discovered by Professor Henri 
Becquerel” 


1904 
Lord Rayleigh John William Strutt, 1842-1919), United Kingdom 


“For his investigations of the densities of the most important gases and for 
his discovery of argon in connection with these studies” 


1905 
Philipp Eduard Anton von Lenard (1862-1947), Germany 


“For his work on cathode rays” 


1906 
Joseph John Thomson (1856-1940), United Kingdom 


“In recognition of the great merits of bis theoretical and experimental 
investigations on the conduction of electricity by gases” 


1907 
Albert Abraham Michelson (1852-1931), United States 


“For his optical precision instruments and the spectroscopic and metrological 
investigations carried out with their aid” 


1908 


Gabriel Lippmann (1845-1921), France 


“For his method of reproducing colours photographically based on the 
phenomenon of interference” 
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1909 


Guglielmo Marconi (1874-1937), Italy, and Karl Ferdinand Braun 
(1850-1918), Germany 


“In recognition of their contributions to the development of wireless 
telegraphy” 


1910 
Johannes Diderik van der Waals (1837-1923), the Netherlands 


“For his work on the equation of state for gases and liquids” 
q g q 


1911 
Wilhelm Wien (1864-1928), Germany 


“For his discoveries regarding the laws governing the radiation of heat” 
8i g 8 g 


1912 
Nils Gustaf Dalén (1869-1937), Sweden 


“For his invention of automatic regulators for use in conjunction with gas 
accumulators for illuminating lighthouses and buoys” 


1913 
Heike Kamerlingh Onnes (1853-1926), the Netherlands 


“For his investigations on the properties of matter at low temperatures 
which led, inter alia, to the production of liquid helium” 


1914 


Max von Laue (1879-1960), Germany 
“For his discovery of the diffraction of X-rays by crystals” 


1915 


Sir William Henry Bragg (1862-1942), United Kingdom, and William 
Lawrence Bragg (1890-1971), United Kingdom 


“For their services in the analysis of crystal structure by means of X-rays” 


1916 


No prize awarded 


1917 
Charles Glover Barkla (1877-1944), United Kingdom 


“For his discovery of the characteristic Röntgen radiation of the elements” 


1918 
Max Karl Ernst Ludwig Planck (1858-1947), Germany 


“In recognition of the services he rendered to the advancement of Physics 
by his discovery of energy quanta” 


1919 


Johannes Stark (1874-1957), Germany 


“For his discovery of the Doppler effect in canal rays and the splitting of 
spectral lines in electric fields” 


1920 
Charles-Edouard Guillaume (1861-1938), Switzerland 


“In recognition of the service he has rendered to precision measurements 
in Physics by his discovery of anomalies in nickel steel alloys” 


1921 


Albert Einstein (1879-1955), Germany and Switzerland 


“For his services to Theoretical Physics, and especially for his discovery of 
the law of the photoelectric effect” 


1922 
Niels Henrik David Bohr (1885-1962), Denmark 


“For his services in the investigation of the structure of atoms and of the 
radiation emanating from them” 


1923 


Robert Andrews Millikan (1868-1953), United States 


“For his work on the elementary charge of electricity and on the photo- 
ry S ry 
electric effect” 
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1924 


Karl Manne Georg Siegbahn (1886-1978), Sweden 
“For his discoveries and research in the field of X-ray spectroscopy” 


1925 


James Franck (1882-1964), Germany, and Gustav Ludwig Hertz (1887- 
1975), Germany 


“For their discovery of the laws governing the impact of an electron upon 
an atom” 


1926 
Jean-Baptiste Perrin (1870-1942), France 


“For his work on the discontinuous structure of matter, and especially for 
his discovery of sedimentation equilibrium” 


1927 


Arthur Holly Compton (1892-1962), United States 
“For his discovery of the effect named after him” 
and Charles Thomson Rees Wilson (1869-1959), United Kingdom 


“For his method of making the paths of electrically charged particles visible 
by condensation of vapour” 


1928 
Owen Willans Richardson (1879-1959), United Kingdom 


“For his work on the thermionic phenomenon and especially for the discov- 
ery of the law named after him” 


1929 
Prince Louis-Victor-Pierre-Raymond de Broglie (1892-1987), France 


“For his discovery of the wave nature of electrons” 


1930 


Sir Chandrasekhara Venkata Raman (1888-1970), India 


“For his work on the scattering of light and for the discovery of the effect 
named after him” 


1931 


No prize awarded 
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1932 
Werner Karl Heisenberg (1901-76), Germany 


“For the creation of quantum mechanics, the application of which bas, 
inter alia, Jed to the discovery of the allotropic forms of hydrogen” 


1933 


Erwin Schrödinger (1887-1961), Austria, and Paul Adrien Maurice Dirac 
(1902-84), United Kingdom 


“For the discovery of new productive forms of atomic theory” 
ry y 


1934 


No prize awarded 


1935 


James Chadwick (1891-1974), United Kingdom 
“For the discovery of the neutron” 


1936 
Victor Franz Hess (1883-1964), Austria 


“For his discovery of cosmic radiation” 
and Carl David Anderson (1905-91), United States 
“For his discovery of the positron” 


1937 


Clinton Joseph Davisson (1881-1958), United States, and George Paget 
Thomson (1891-1975), United Kingdom 


“For their experimental discovery of the diffraction of electrons stals” 
ry cry. 


1938 


Enrico Fermi (1901-54), Italy 
“For his demonstrations of the existence of new radioactive elements 
produced by neutron irradiation, and for bis related discovery of nuclear 
reactions brought about by slow neutrons” 
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1939 
Ernest Orlando Lawrence (1901-58), United States 


“For the invention and development of the cyclotron and for results 
obtained with it, especially with regard to artificial radioactive elements” 


1940-42 


No prizes awarded 


1943 


Otto Stern (1888-1969), United States 


“For his contribution to the development of the molecular ray method and his 
discovery of the magnetic moment of the proton” 


1944 
Isidor Isaac Rabi (1898-1988), United States 


“For his resonance method for recording the magnetic properties of atomic 
nuclei” 


1945 


Wolfgang Pauli (1900-58), Austria 
“For the discovery of the Exclusion Principle, also called the Pauli Principle” 


1946 
Percy Williams Bridgman (1882-1961), United States 


“For the invention of an apparatus to produce extremely high pressures, and 
for the discoveries he made therewith in the field of high pressure physics” 


1947 


Sir Edward Victor Appleton (1892-1965), United Kingdom 


“For his investigations of the physics of the upper atmosphere especially for 
the discovery of the so-called Appleton layer” 


1948 


Patrick Maynard Stuart Blackett (1897-1974), United Kingdom 


“For bis development of the Wilson cloud chamber method, and his discover- 
ies therewith in the fields of nuclear physics and cosmic radiation” 
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1949 


Hideki Yukawa (1907-81), Japan 


“For his prediction of the existence of mesons on the basis of theoretical 
work on nuclear forces” 


1950 


Cecil Frank Powell (1903-69), United Kingdom 


“For his development of the photographic method of studying nuclear 
processes and his discoveries regarding mesons made with this method” 


1951 


Sir John Douglas Cockcroft (1897-1967), United Kingdom, and Ernest 
Thomas Sinton Walton (1903-95), Ireland 


“For their pioneer work on the transmutation of atomic nuclei by artifi- 
cially accelerated atomic particles” 


1952 


Felix Bloch (1905-83), United States, and Edward Mills Purcell (1912- 
97), United States 


“For their development of new methods for nuclear magnetic precision 
measurements and discoveries in connection therewith” 


1953 


Frits (Frederik) Zernike (1888-1966), the Netherlands 


“For his demonstration of the phase contrast method, especially for his 
invention of the phase contrast microscope” 


1954 


Max Born (1882-1970), United Kingdom 


“For bis fundamental research in quantum mechanics, especially for his 
statistical interpretation of the wavefunction” and 


Walther Bothe (1891-1957), Federal Republic of Germany 


“For the coincidence method and his discoveries made therewith” 


1955 


Willis Eugene Lamb (1913- ), United States 


“For his discoveries concerning the fine structure of the hydrogen spec- 
g arog 
trum” and 
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Polykarp Kusch (1911-93), United States 


“For his precision determination of the magnetic moment of the electron” 


1956 


William Bradford Shockley (1910-89), United States, John Bardeen 
(1908-91), United States, and Walter Houser Brattain (1902-87), United 
States 


“For their researches on semiconductors and their discovery of the transis- 
tor effect” 


1957 


Chen Ning Yang (1922- ), China, and Tsung-Dao Lee (1926-_ ), 
China 
“For their penetrating investigation of the so-called parity laws which has 
led to important discoveries regarding the elementary particles” 


1958 


Pavel Alekseyevich Cherenkov (1904-90), USSR, Ilya Mikhailovich Frank 
(1908-90), USSR, and Igor Yevgenyevich Tamm (1895-71), USSR 


“For the discovery and the interpretation of the Cherenkov effect” 


1959 


Emilio Gino Segré (1905-89), United States, and Owen Chamberlain 
(1920-2006), United States 


“For their discovery of the antiproton” 


1960 


Donald Arthur Glaser (1926— ), United States 
“For the invention of the bubble chamber” 


1961 
Robert Hofstadter (1915-90), United States 


“For his pioneering studies of electron scattering in atomic nuclei and for 
his thereby achieved discoveries concerning the structure of the nucleons” 
and 


Rudolf Ludwig Méssbauer (1929- ), Federal Republic of Germany 


“For bis researches concerning the resonance absorption of gamma radiation 
and his discovery in this connection of the effect which bears bis name” 
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1962 
Lev Davidovich Landau (1908-68), USSR 


“For his pioneering theories for condensed matter, especially liquid 
helium” 


1963 
Eugene Paul Wigner (1902-95), United States 


“For his contributions to the theory of the atomic nucleus and the elemen- 
tary particles, particularly through the discovery and application of fun- 
damental symmetry principles” and 


Maria Goeppert-Mayer (1906-72), United States, and J. Hans D. Jensen 
(1907-73), Federal Republic of Germany 


“For their discoveries concerning nuclear shell structure” 


1964 


Charles Hard Townes (1915— ), United States, Nicolay Gennadiyevich 
Basov (1922-2001), USSR, and Aleksandr Mikhailovich Prokhorov 
(1916-2002), USSR 


“For fundamental work in the field of quantum electronics, which has led 
to the construction of oscillators and amplifiers based on the maser-laser 
principle” 


1965 


Sin-Itiro Tomonaga (1906-79), Japan, Julian Schwinger (1918-94), 
United States, and Richard P. Feynman (1918-88), United States 


“For their fundamental work in quantum electrodynamics, with deep- 
ploughing consequences for the physics of elementary particles” 


1966 


Alfred Kastler (1902-84), France 


“For the discovery and development of optical methods for studying 
Hertzian resonances in atoms” 


1967 
Hans Albrecht Bethe (1906-2005), United States 


“For his contributions to the theory of nuclear reactions, especially his 
discoveries concerning the energy production in stars” 


222  Twentieth-Century Science 


1968 
Luis Walter Alvarez (1911-88), United States 


“For his decisive contributions to elementary particle physics, in particular 
the discovery of a large number of resonance states, made possible through 
his development of the technique of using hydrogen bubble chamber and 
data analysis” 


1969 
Murray Gell-Mann (1929- ), United States 


“For his contributions and discoveries concerning the classification of 
elementary particles and their interactions” 


1970 


Hannes Olof Gösta Alfvén (1908-95), Sweden 


“For fundamental work and discoveries in magneto-hydrodynamics with 
fruitful applications in different parts of plasma physics” 


and Louis-Eugéne-Félix Néel (1904-2000), France 


“For fundamental work and discoveries concerning antiferromagnetism 
and ferrimagnetism which have led to important applications in solid 
state physics” 


1971 


Dennis Gabor (1900-79), United Kingdom 
“For his invention and development of the holographic method” 


1972 
John Bardeen (1908-91), United States, Leon Neil Cooper (1930- ), 
United States, and John Robert Schrieffer (1931- ), United States 


“For their jointly developed theory of superconductivity, usually called the 
BCS-theory” 


1973 


Leo Esaki (1925- ), Japan, and Ivar Giaever (1929- ), United States 
“For their experimental discoveries regarding tunneling phenomena in 
semiconductors and superconductors, respectively,” and 

Brian David Josephson (1940- ), United Kingdom 
“For his theoretical predictions of the properties of a supercurrent through 
a tunnel barrier, in particular those phenomena which are generally 
known as the Josephson effects” 
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1974 
Sir Martin Ryle (1918-84), United Kingdom, and Antony Hewish 
(1924- ), United Kingdom 


“For their pioneering research in radio astrophysics: Ryle for his observa- 
tions and inventions, in particular of the aperture synthesis technique, and 
Hewish for his decisive role in the discovery of pulsars” 


1975 
Aage Niels Bohr (1922- ), Denmark, Ben Roy Mottelson (1926- ), 
Denmark, and Leo James Rainwater (1917-86), United States 


“For the discovery of the connection between collective motion and particle 
motion in atomic nuclei and the development of the theory of the structure 
of the atomic nucleus based on this connection” 


1976 
Burton Richter (1931— ), United States, and Samuel Chao Chung Ting 
(1936- ), United States 


“For their pioneering work in the discovery of a heavy elementary particle 
of a new kind” 


1977 


Philip Warren Anderson (1923- ), United States, Sir Nevill Francis 
Mott (1905-96), United Kingdom, and John Hasbrouck van Vleck 
(1899-1980), United States 


“For their fundamental theoretical investigations of the electronic struc- 
ture of magnetic and disordered systems” 


1978 


Pyotr Leonidovich Kapitsa (1894-1984), USSR 
“For his basic inventions and discoveries in the area of low-temperature 
physics” and 
Arno Allan Penzias (1933-— ), United States and Robert Woodrow 
Wilson (1936- ), United States 


“For their discovery of cosmic microwave background radiation” 


1979 


Sheldon Lee Glashow (1932- ), United States, Abdus Salam (1926-96), 
Pakistan, and Steven Weinberg (1933- ), United States 
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“For their contributions to the theory of the unified weak and electromag- 
netic interaction between elementary particles, including, inter alia, the 
prediction of the weak neutral current” 


1980 


James Watson Cronin (1931— ), United States, and Val Logsdon Fitch 
(1923- ), United States 


“For the discovery of violations of fundamental symmetry principles in the 
decay of neutral K-mesons” 


1981 


Nicolaas Bloembergen (1920-— ), United States, and Arthur Leonard 
Schawlow (1921-99), United States 


“For their contribution to the development of laser spectroscopy” and 
Kai M. Siegbahn (1918- ), Sweden 


“For his contribution to the development of high-resolution electron 
spectroscopy” 


1982 
Kenneth G. Wilson (1936- ), United States 


“For his theory for critical phenomena in connection with phase transitions” 


1983 


Subramanyan Chandrasekhar (1910-95), United States 


“For his theoretical studies of the physical processes of importance to the 
structure and evolution of the stars” 


and William Alfred Fowler (1911-95), United States 


“For his theoretical and experimental studies of the nuclear reactions of 
importance in the formation of the chemical elements in the universe” 


1984 


Carlo Rubbia (1934- ), Italy, and Simon van der Meer (1925-_ ), the 
Netherlands 


“For their decisive contributions to the large project, which led to the discov- 
ery of the field particles W and Z, communicators of weak interaction” 


1985 


Klaus von Klitzing (1943- ), Federal Republic of Germany 
“For the discovery of the quantized Hall effect” 
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1986 


Ernst Ruska (1906-88), Federal Republic of Germany 


“For his fundamental work in electron optics, and for the design of the first 
electron microscope” and 


Gerd Binnig (1947- ), Federal Republic of Germany, and Heinrich 
Rohrer (1933- ), Switzerland 


“For their design of the scanning tunneling microscope” 
gn 8 £. 


1987 
J. Georg Bednorz (1950- ), Federal Republic of Germany, and K. 
Alexander Müller (1927- ), Switzerland 


“For their important break-through in the discovery of superconductivi 
. rt . & 1y 
in ceramic materials” 


1988 
Leon M. Lederman (1922- ), United States, Melvin Schwartz (1932- 
2006), United States, and Jack Steinberger (1931- ), Switzerland 


“For the neutrino beam method and the demonstration of the doublet 
structure of the leptons through the discovery of the muon neutrino” 


1989 
Norman F. Ramsey (1915- ), United States 


“For the invention of the separated oscillatory fields method and its use in 
the hydrogen maser and other atomic clocks” and 


Hans G. Dehmelt (1932- ), United States, and Wolfgang Pauli (1913- 
93), Federal Republic of Germany 


“For the development of the ion trap technique” 
q 


1990 
Jerome I. Friedman (1930- ), United States, Henry W. Kendall (1926- 
99), United States, and Richard E. ‘Taylor (1929- ), Canada 


“For their pioneering investigations concerning deep inelastic scattering 
of electrons on protons and bound neutrons, which have been of essential 
importance for the development of the quark model in particle physics” 


1991 


Pierre-Gilles de Gennes (1932- ), France 
“For discovering that methods developed for studying order phenomena 
in simple systems can be generalized to more complex forms of matter, in 
particular to liquid crystals and polymers” 


226 Twentieth-Century Science 


1992 


Georges Charpak (1924 _), France 


“For his invention and development of particle detectors, in particular the 
multiwire proportional chamber” 


1993 
Russell A. Hulse (1950- ), United States, and Joseph H. ‘Taylor, Jr. 
(1941- ), United States 


“For the discovery of a new type of pulsar, a discovery that has opened up 
new possibilities for the study of gravitation” 


1994 
Bertram N. Brockhouse (1918-2003), Canada, and Clifford G. Shull 
(1915-2001), United States 


“For pioneering contributions to the development of neutron scattering 
techniques for studies of condensed matter,” Brockhouse “for the devel- 
opment of neutron spectroscopy,” and Shull “for the development of the 
neutron diffraction technique” 


1995 


Martin L. Perl (1927- ), United States, and Frederick Reines (1918- 
98), United States 


“For pioneering experimental contributions to lepton physics,” Perl “for the 
discovery of the tau lepton” and Reines “for the detection of the neutrino” 


1996 


David M. Lee (1931- ), United States, Douglas D. Osheroff (1945- ), 
United States, and Robert C. Richardson (1937— ), United States 


“For their discovery of superfluidity in belium-3” 


1997 


Steven Chu (1948- ), United States, Claude Cohen-Tannoudji (1933-__), 
France, and William D. Phillips (1948- ), United States 


“For development of methods to cool and trap atoms with laser light” 


1998 


Robert B. Laughlin (1950- ), United States, Horst L. Stérmer 
(1949- ), Federal Republic of Germany, and Daniel C. Tsui (1939-_ ), 
United States 
“For their discovery of a new form of quantum fluid with fractionally 
charged excitations” 


1999 


Gerardus ’t Hooft (1946- ), the Netherlands, and Martinus J. G. 
Veltman (1931- ), the Netherlands 
“For elucidating the quantum structure of electroweak interactions in 
physics” 


2000 


Zhores I. Alferov (1930— ), Russia, Herbert Kroemer, (1928—_ ), 
Federal Republic of Germany, and Jack S. Kilby (1923-2005), United 
States 
“For basic work on information and communication technology,” Alferov 
and Kroemer “for developing semiconductor heterostructures used in 
high-speed- and opto-electronics,” and Kilby “for his part in the inven- 
tion of the integrated circuit” 
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absolute frame of reference see FRAME OF REFERENCE 

alpha decay see ALPHA RAYS 

alpha rays (or alpha particles) the least penetrating form of radioactiv- 
ity. Alpha particles are helium nuclei, and the process that produces 
them is often called alpha decay 

amorphous a kind of solid in which the atoms lack the orderly arrange- 
ment of a crystal 

annihilation an event in which two particles interact and destroy each 
other, such as the combination of an electron and a hole in a semi- 
conductor or the combination of a particle and its antiparticle 

antimatter a type of matter with identical properties to its normal 
matter counterpart except for carrying an opposite electric charge 
and parity. 

atom the smallest particle of a substance that can be identified as a 
chemical element 

atomic mass a number that specifies the mass of a nucleus, equal to the 
total number of protons and neutrons it contains 

atomic number a number that specifies an element’s position in the peri- 
odic table, equal to the number of protons in the element’s nucleus 

baryon a subatomic particle at least as heavy as a proton that is com- 
posed of three quarks and responds to the strong nuclear force 

beta decay see BETA RAYS 

beta rays (or beta particles) a form of radioactivity that is more pen- 
etrating than alpha rays but less penetrating than gamma rays. Beta 
particles are electrons, and the process that produces them in nuclei 
is often called beta decay 

blackbody radiation the electromagnetic energy emitted by an object 
as a consequence of its temperature 

black hole a collapsed star so dense that nothing can escape from it, 
including light 

boson (gauge boson) generally, a subatomic particle with integral 
spin; particularly, a gauge boson which is exchanged to create a 
fundamental force, such as photons for the electromagnetic force, 
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gluons for the strong nuclear force, and W and Z particles for the 
weak force 

Brownian motion a phenomenon in which small particles, such as 
grains of dust or pollen, move in irregular paths when suspended in 
a gas or liquid 

cathode ray a stream of negative electricity emitted from a hot elec- 
trode in a vacuum tube, discovered in 1897 to be composed of 
electrons 

chain reaction a sequence of nuclear fissions in which neutrons emit- 
ted in one fission event cause one or more additional nuclei to split, 
resulting in a rapid and intense release of energy 

cloud chamber a device in which condensation of a vapor reveals a 
trail of ions such as those produced along the path of a charged sub- 
atomic particles; cloud chambers were used in early studies of cosmic 
rays and subatomic particles 

color the property of a quark that interacts with the strong nuclear 
force, equivalent to positive or negative charge for the electromag- 
netic force 

compound a chemical substance made up of a particular combination 
of elements 

condensed matter physics a subfield of physics, a generalization of 
solid-state physics to include all substances whose properties depend 
on the mutual interaction of large assemblies of atoms, including 
liquids, crystalline solids, and amorphous solids 

conduction band a set of closely spaced electron energy levels in a 
solid in which the electrons belong to no particular atoms and thus 
move freely through the material 

continuous spectrum see SPECTRUM 

cosmic rays energetic particles that come to Earth from distant parts 
of the universe or result from interaction of such particles with the 
upper reaches of Earth’s atmosphere 

cosmological constant a quantity that arose in Einstein’s math- 
ematical description of general relativity; its value and algebraic sign 
determined whether and how fast the universe was expanding or 
contracting 

cosmology the scientific study of the universe as an entity 

covalent bond a type of chemical bond in which the participating 
atoms share electrons 

crystal a solid substance that is characterized by a regularly repeating, 
three-dimensional arrangement of its atoms 

cyclotron a device that accelerates subatomic particles to very high 
energies as they follow a spiraling path in a very large magnetic 
field 

diode an electronic device that permits an electric current to pass 
through in only one direction 
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eightfold way a term borrowed from Buddhism to describe the math- 
ematical symmetry underlying the various bosons 

electrical resistance a property of matter that impedes the flow of 
electricity through it 

electromagnetism a basic force of nature that includes both electricity 
and magnetism and is the basis for electromagnetic waves, including 
light 

electron a small negatively charged subatomic particle discovered in 
cathode rays in 1897 and later found to determine an atom’s chemi- 
cal and electrical behavior and to be useful as the basis for electronic 
technology 

element a chemical substance made up of only one kind of atom 

entanglement see QUANTUM ENTANGLEMENT 

ferromagnetism a property of certain types of matter, such as iron, 
that enables it to develop and maintain a permanent magnetic field 

fission a radioactive process in which a nucleus splits into two smaller 
nuclei and several neutrons 

flavor a term used to distinguish the different types of quarks; a quark’s 
flavor can be up, down, strange, charm, top, or bottom 

frame of reference a point of origin and set of directions in space 
(such as north-south, east-west, up-down) against which the relative 
position and motion of an object can be specified. The luminiferous 
ether was presumed to be an absolute, unmoving frame of reference 
until Einstein’s special theory of relativity demonstrated that no such 
frame exists 

gamma rays (or gamma radiation) the most penetrating form of 
radioactivity. Gamma rays are high-energy photons 

gluon the gauge boson exchanged between quarks thereby acting as the 
carrier of the strong nuclear force 

grand unification theory (GUT) a goal of theoretical physicists who 
are seeking a theory to unify all the fundamental forces 

gravity a basic force of nature that creates an attraction between any 
two bodies that have mass 

greenhouse effect a phenomenon in which the atmosphere of a planet 
permits solar energy to enter but blocks outgoing infrared radiation, 
leading to a considerably higher planetary temperature than would 
occur if the planet had no atmosphere 

hole a region in a semiconductor in which an electron is missing and 
behaves as if it is a mobile, positive charge 

inflation a theory that explains the unexpected uniformity of the cos- 
mic background radiation by a very brief period just after the big 
bang when the cosmos and spacetime itself expanded at a rate much 
faster than the speed of light 

interference a phenomenon that occurs when waves overlap; for two 
light waves of the same wavelength, this results in a series of bright 


and dark bands 


ionic bond a type of chemical bond in which the participating atoms 
exchange electrons, thereby becoming oppositely charged ions held 
together by electrical attraction 

ionization the creation of electrically charged atoms called ions 

isospin a quantum mechanical property of baryons that has the same 
kind of reflection symmetry as a rotation or magnetization: for 
example, a proton has isospin +42, while a neutron has isospin -1⁄2 

isotope one of several nuclei with the same atomic number but differ- 
ent atomic masses 

kaon (K meson) a type of meson discovered in 1947 and later found to 
contain a “strange” quark 

Lamb shift a slight splitting in the spectrum of hydrogen, first 
observed by Willis Lamb and critical to understanding quantum 
electrodynamics 

lepton a light subatomic particle that does not respond to the strong 
nuclear force; leptons include electrons, muons, taus, and their neu- 
trinos and antiparticles 

line spectrum see SPECTRUM 

luminiferous ether a hypothetical substance once presumed to perme- 
ate all space as the carrier of electromagnetic waves 

many-body problem analysis of a physical model that involves the 
interaction of more than two bodies, such as they behavior of elec- 
trons in solids 

Maxwell’s equations a set of four formulas that describes the inter- 
relationships between electricity and magnetism and predicts the 
existence of electromagnetic waves that travel at the speed of light 

meson a middle-weight subatomic particle that consists of a quark and 
an antiquark; the first usage of the term referred to pions 

mesotron a name originally used for the muon, the first particle dis- 
covered with mass in the intermediate range between the electron’s 
and the proton’s 

molecule a particular combination of atoms making up the smallest 
particle of a substance that can be identified as a particular com- 
pound 

muon a subatomic particle that is the second-generation equivalent of 
the electron in the standard model 

neutron a subatomic particle with slightly more mass than a proton but 
without electric charge; nuclei are made up of protons and neutrons 
bound together by the strong nuclear force 

neutron activation analysis a technique used to determine the chemi- 
cal and isotopic composition of a material by bombarding it with 
neutrons and measuring the resulting radioactivity 

neutron star a super-dense star in which all its matter has been com- 
pressed into neutrons (see PULSAR) 

n-type semiconductor a semiconductor with an excess of electrons 
over holes 


Glossary 231 


232  Twentieth-Century Science 


nucleon a proton or neutron; the atomic mass of a nucleus is the total 
number of nucleons it contains 

nucleus (plural: nuclei) the tiny, positively charged central part of an 
atom that contains most of its mass 

parity an inherent left- or right-handedness of a subatomic particle that 
is only observable in processes, such as beta decay, that involve the 
weak nuclear force 

periodic table of the elements an arrangement of the chemical ele- 
ments in rows and columns that reveals similarities in their physical 
and chemical properties 

perturbation a minor change in physical circumstances that often 
results in a minor correction to a well-known theory, often the first 
step in a many-body analysis 

phonon a quantum or packet of vibrational energy 

photoelectric effect a phenomenon in which shining a light can cause 
electrons to be emitted from a metal surface 

photon a quantum or packet of light energy 

pion a meson that is exchanged between nucleons, creating the strong 
nuclear force 

Planck’s constant a fundamental ratio in nature that relates the energy 
of a quantum to the frequency of its corresponding electromagnetic 
wave 

positron the antimatter counterpart of an electron 

proton a subatomic particle having one unit of positive electric charge 
and one unit of atomic mass; the nucleus of normal hydrogen is a 
single proton 

p -type semiconductor a semiconductor with an excess of holes over 
electrons 

pulsar a type of star that produces light that pulsates at very regular 
intervals, now known to be a rapidly rotating neutron star 

quark a type of subatomic particle that is considered the fundamental 
building block of baryons and mesons, that is, particles that interact 
via the strong nuclear force 

quantum (plural: quanta) a packet of energy devised by Planck to 
explain the shape of blackbody radiation; later generalized to be a 
packet of any physical entity, such as electric charge or a particle’s 
angular momentum, that varied in steps rather than continuously 

quantum chromodynamics (QCD) a theory that describes the strong 
nuclear force as a result of quarks exchanging a type of bosons called 
gluons 

quantum electrodynamics (QED) a subfield of physics that restruc- 
tures Maxwell’s theory so that it is consistent with the quantum 
nature of matter and energy 

quantum entanglement a phenomenon in which determination of 
the quantum state of one particle immediately affects the quantum 


state of another particle some distance away because a relation- 
ship between those states had been established previously; Einstein 
referred to the phenomenon, when first predicted, as “spooky action 
at a distance” 

quantum mechanics a subfield of physics based on the quantum descrip- 
tion of matter and energy as having a dual wave-particle nature 

quantum number a value that describes a physical property that can 
take on integer multiples of a fundamental value, such as Planck’s 
constant (or half-integer values, in the case of spin) 

radioactivity a subatomic process in which a nucleus emits energetic 
particles or gamma rays 

relative frame of reference see FRAME OF REFERENCE 

renormalization a mathematical technique applied to quantum elec- 
trodynamics that enables the equation to handle infinities that were 
problems in previous approaches 

resonance a phenomenon with a natural frequency that occurs in 
response to stimulation, such as the vibration of a string or the air 
column of a musical instrument 

scattering a phenomenon in which a stream of particles or energy is 
diverted by interaction with a target. The resulting pattern reveals 
details of the target, as the scattering of alpha particles revealed the 
nuclear structure of atoms 

semiconductor (adj.: semiconducting) a material with electrical 
properties between that of an insulator and a conductor; the electri- 
cal conductivity of a semiconductor can be controlled by making 
small changes to its composition 

shell a set of energy levels corresponding to particular quantum num- 
bers. The chemical properties of elements and certain physical prop- 
erties of nuclei show periodic behavior because of the way electrons, 
protons, and neutrons fill shells 

solid-state physics a subfield of physics dealing with the properties 
of solid matter: later included in the broader category of condensed 
matter physics 

spacetime a four-dimensional combination of space and time that 
resulted from Einstein’s theory of relativity 

spectral line splitting a phenomenon in which a single spectral line 
splits into several with the application of an external influence such 
as an electric or magnetic field 

spectroscope an optical device that splits light (or another electro- 
magnetic wave) into its component wavelengths and measures their 
intensities 

spectrum the various colors contained in light, or more generally the 
various wavelength in any energy-carrying waves, often displayed as 
a continuous graph of intensity v. wavelength or as a series of lines 
specifying intensity at specific wavelengths 
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spin a fundamental property of subatomic particles, represented by a 
quantum number designated s, that corresponds to their inherent 
magnetism 

standard model of particle physics a description of the fundamental 
particles that make up all matter as we know it as three generations 
of leptons and quarks plus gauge bosons as carriers of the fundamen- 
tal subatomic forces 

standing wave an unmoving pattern of oscillation that results from 
steady interference of two other waves or as a resonance phenom- 
enon 

statistical mechanics a mathematical approach to physics that con- 
nects microscopic properties such as the motion of individual atoms 
or molecules in a gas to macroscopic (overall) properties such as 
temperature and pressure 

strangeness a quantum mechanical property that was found to be 
conserved during transformations of subatomic particles under the 
influence of the strong nuclear force; later recognized as the total 
number of strange quarks 

string theory a mathematical approach devised to unify the fundamen- 
tal forces and explain fundamental particles as allowed vibrations on 
a 10-dimensional string 

strong nuclear force a fundamental force of nature that acts between 
quarks and is responsible for binding protons and neutrons together 
in nuclei 

superconductivity a quantum mechanical property of certain sub- 
stances that causes them to lose all resistance to electric current 
below a certain critical temperature 

superfluidity a quantum mechanical property observed in liquid 
helium in which it loses all viscosity, or resistance to flowing, below 
a certain critical temperature 

superstring theory an improvement on string theory that adds an 11th 
dimension 

transistor an electronic device made of semiconducting material that 
can function as an amplifier or a controllable switch 

transmutation the transformation of one nucleus into another by a 
radioactive emission 

transuranic elements chemical elements with atomic numbers greater 
than uranium’s 92 

uncertainty principle a consequence of the quantum nature of matter 
and energy discovered by Werner Heisenberg, stating the existence 
of natural limits on the precision of measurement of the paired 
quantities energy and time or position and momentum 

valence a property of an atom expressed as a positive or negative num- 
ber that describes the way that atom accepts or contributes electrons 
in a chemical reaction 


valence band a set of closely spaced electron energy levels in a solid 
in which the electrons are shared among a few atoms and thus are 
involved in chemical bonding within the material 

wave function a mathematical representation used in the Schrédinger 
equation that describes the position of an object by a wavelike varia- 
tion in space rather than as a fixed point 

weak nuclear force a fundamental force of nature that acts within the 
nucleus and governs the process of beta decay 

X-ray diffraction a phenomenon in which the interaction of X-rays 
with a solid produce a pattern that reveals information about the 
solid’s crystal structure 
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